
Department of Energy
Germantown, MD 20874-1290

March 13, 1998

Senator Ismael John
Enewetak/Ujelang Atoll Local

Government Council
Box 1199
Republic of the Marshall Islands
\lajuro. Marshall Islands 96960

Dear Senator John:

This letter is provided in follo~~up to our joint Department of Energy (DOE) Enewetak/Ujelang
.Atoil Local Government Council mee[:ng in Las Vegas. Nevada. on Februan 2, 1998. We are
pleased to have had the opportunity to discuss with you, Mayor Neptali Peter. and the
EnewetalcWjelang Atoll Local Government Council Members. the results to date of DOE
en~rironmental monitoring at Enewetak .%toll.

The main public health goal of DOE’s environmental monitoring program is to assist the
Enewetak people in making lnformea resettlement decisions based on the best environmental
characterization and dose assessment data available. To accomplish this goal. we have
conducted extensive monitoring of numerous Enewetak Atoll islands, evaluated all possible
exposure pathways, developed associated dose assessments, and funded research to develop
mitigation strategies to mimmize radiation exposure to people living on the Islands and eating
locally grown produce.

The La\vrence Livermore \atlonal Laboratory (LLNL). on behalf of DOE. has conducted
en~’ironmental monitoring actl~ities in the Marshall Islands for more than ~fJ )ears. The
enclosures to this letter describe the results of these activities at Enewetak .Atoll and demonstrate
the high quality of LLNL’s Iechnical expertise and abilities. LLNL has used the best
environmental laboratories Ilorldwide [o provide quality assurance and peer review for the
program. DOE is confident ~hat the LLNL data and assessments are of the highest quality.

The two enclosed peer-re~ie’.~ed articies from the July 1997 issue of Health Phvsics (enclosures
1 and 2 ) provide a thorough analysis o I_radiation exposures from terrestrial. i~ater, and marine
sources on the Enewretak Atoll.
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The environmental data collected at Enewetak Atoll by the DOE monitoring program to date, as
presented in these articles, coupled with use of the latest dose models and internationally
accepted intervention strategies, provide a sound basis upon which the Enewetak people and the
EnewetaMUjelang Atoll Local Government Council can make resettlement decisions regarding
any island in the Enewetak Atoll chain. As Dr. fl-illiam Robison of LLNL made clear at the
Las Vegas meeting, resettlement of currently uninhabited islands in Enewetak Atoll requires the
implementation of the following mitigation strategies:

o application of potassium fertilizer (KCI) in coconut gro~es and agricultural areas to reduce the
uptake of cesium- 137 (137CS)by foods and plants: and

o soil removal in housing and village areas.

Combining these measures offers both practical and feasible means to reduce radiation doses to a
minimum. These mitigation measures have already been shown to be effective in reducing doses
on Eneu Island on Bikini Atoll and should be equally effective in the future for people who
choose to resettle on any island in the Enewetak Atoll chain.

If these mitigation strategies are implemented, the average total annual effective radiation dose
per person fi-om all sources is estimated to be about 2.53 millisieverts (mSv) or 253 millirem
(mrem) of which 0.13 mSv ( 13 mrem) comes from 137CSin the food and soil. This total radiation
dose compares favorably to the U.S. annual average background dose of 3.0 mSv (300 mrem)
and to the background doses in other parts of the world (enclosure 3). For perspective, the
annual exposure that someone who resettles in Enjebi is expected to receive from ‘37CSin the
food and soil (13 mrem) is comparable to the radiation dose an individual receives during a
round trip airplane flight between Majuro and Los Angeles (enclosure 4).

For the radioactive waste disposal site on Runit Iskmd, no differences in the concentrations of
cesium and plutonium in groundwater (well water], lagoon water, and fish, before and after
cleanup, have been observed. Resuspension studies on the northern part of Runit Island found a
concentration of about 400 attocurie (aCi) per cubic meter (m’) plutonium in the air. This
concentration is well below the draft screening le~el of 2.000 aCi/m3, a level below which no
further radiological mitigation action has been proposed’

1EnvironmentalProtection Agency. “Transuranmm Elements. Volume 2. Technlca\ Basis for Remechal
Act]ons. ” EPA 520 ‘1-015. June 1990. This document Is available to the public from the National Center for
Environmental Publications and Informmon \vlthout charge by calling 1-800-490-9198 and asking for Order Number
EPA520190016.
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These data will, we hope, be useful to the Enewetak people as they make decisions regarding
resettlement to any of the currently uninhabited islands in Enewetak Atoll. The DOE, in
conjunction with its National Laboratories. is prepared to continue its environmental monitoring

program. both during and afier the resettlement process, in order to establish that actual exposure
levels are consistent with our current estimates.

Sincerely,

-) .,

:./ ‘/’ “ ‘/(. {’( ‘~ ,/,

Paul J. %eligman. M. D.. \l.P.H.
Deputy Assistant Secretary

for Health Studies

4 Enclosures

cc wlenclosures:
The Honorable Joan Plaisted, U.S. Ambassador

to the Marshall Islands
The Honorable Phillip Muller, Minister of Foreign

Affairs, RMI
Davor Pevec, Counsel to the EnewetakAJjelang

Local Government Council
.Mayor Neptali Peter, EnewetaldUjelang Atoll

Government Office
Suzanne Butcher, Department of State
.Alan Stayman, Department of the Intenor
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1 Paper

THE NORTHERN MARSHALL ISLANDS RADIOLOGICAL

SURVEY: DATA AND DOSE ASSESSMENTS

W. L. Robison.* V. E. Noshkin.* C. L. Conrado.* R. J. Eagle,+ J. L. Brunk.*
T. A. Jokela.* M. E. Mount:$ W. .& Phillips.3 A. C. Stoker.* M. L. Stuart.*

K. M,

,.tbsfruc(-Fat.tout from atmospheric nuclear tests. espeeialty
from those conducted at the Pacific ProvingGrounds betwems
1946 and 1%8. contaminated areas of the Northern Marsbatl
Islands. A radiological survey at some Northern Marsbatl
Islands was conducted from September through November
1978 to e~ainate the extent of residual radioactive contamina-
tion. The atolls included in the Northern Marshall Islands
Radiological Survey tSMIRS) were Likiep, Ailuk. Utir&
\Votho. Ujekmg. Taka. Rongelap. Rongerik. Bikar, AiRngina&
and Mejit and Jemo Islands. The original test sites. Bikini and
Enewetati .+totts. were also visited on the survey. An aerial
survey was mnducted to determine the external gamma expo-
sure rate. Terrestrial (soil, food crops, animats, and native
vegetation L cistern and well water samples. and marine (sed-
imen& seauater. fish and clams) samples were colkted to
evaluate radionuclide concentrations in the atoll environment.
Samples were processed and analyzed for ‘37CS, %k,

‘+WPU and “Am. The dose from the ingestion pathway
was ealcutawrt using the radionuclide concentration data and a
diet model for local food. marine. and water consumption. The
ingestion ptiway’ contributes 70~0 to 90% of the estimated
dose. Approximately 95% of the dose is from ‘37CS. %r is the
second most significant radionuclide via ingestion. Extemat
gamma exposure from ‘37CS accounts for about 10% to 30%
of the dose. ‘V+WPU and “Am are the major contributors to
dose via the inhalation pathway: however. inhalation accounts
for only aboot 170 of the total estimated dose, based on surface
soil levels ad resuspension studies. All doses are computed for
concentraticus decay corrected to 1996. The maximum annuat
effective dose from manmade radionuclides at these atotls
ranges from .02 mSv y–’ to 2.1 mSv y -‘. The background dase
in the hlamhalt Islands is estimated to be 2.4 mSv y-1. Tbe
combined dose from both background and bomb relati
radionuclirk ranges from slightly over 2.4 mSv y-’ to 4.5 msv
~-l. The Wy integrai dose ranges from 0.5 to 65 mSv.
Health Ph}s. 73(1):37-$8: 1997

Key words: !37CS: ‘Sr: Marshall Islands: dose assessment
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INTRODUCTION

A IUDIOLOGICAL survey was conducted

and

from September
through November of 1978 in the Northern Marshall
Islands prior to the dissolution of the U.S. Trust Tern-
ton. The purpose of the survey was to assess the
concentrations ot’ persistent manmade radionuclides in
the terrestrial and marine environments at 11 atolls and 2
islands. The atolls of the Marshall Islands are shown in
Fig. 1. The atolls included in the .NMIRS were Likiep.
Ailuk. Utirik. Wotho, Ujelang. Taka, Rongelap,
Rongenk. Bikar. Ailinginae. Bikini. and Mejit and Jemo
Islands. A brief stop was also made at Enewetak Atoll.
Two of the atolls. Bikini and Enewetak, were the sites of
66 nuclear tests (Simon and Robison 1997).

A reasonable amount of data existed in 1978 for
Enewetak Atoll (U.S. AEC 1973). However. little radio-
logical information was available for most islands at
Bikini Atoll or for other atolls that were considered most
likely to have received fallout front nuclear tests con-
ducted at the Pacific Proving Grounds between 1946 and
1958. The BRAVO test on 1 March 1954 produced the
largest yield ( 15 MT) of the entire test series in the
Pacific. The fallout from BRAVO was the primary
contaminating event of Bikini and Eneu Islands at Bikini
Atoll and the atolls to the east of Bikini. The general
fallout pattern of the BRAVO test is shown in Fig. 1.

The NMIRS was essentially designed as a screening
survey, which would be used to determine whether or not
further detailed sampling effo~ might be required at any
of the atolls. The survey included an aerial radiological
reconnaissance to map the external gamma-ray exposure
rates over the islands of each atoll. The logistical support
for the entire survey was designed to accommodate this
operation.

Shore parues collected appropriate terrestrial and
marine samples to assess the radiolo,gi.cal dose from
pertinent food chains to individuals res:dmg on some of
the atolls. future residents of uninhabited atolls. or for
those who VISIIand collecl food from these atolls. Soils.
\ ege~tlon. indigenous animals. cistern water. and
groundwater were collected from the islands. Reef and
pelagic fish. clams. lagoon water. and sediments were
obtained from [he lagoons.

17
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Northern Marshall Islands , Bibr Atoll

Aerial Radiation Survey
Dateof Sumey:September-November1978
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Fig. 1. Atolls and isiadds of the Nonhero hlarshail Islands radiological survey.

The Lawrence Livermore National Laboratory
(LLNL) was responsible for the technical direc[ion of the
survey. subsequent sample processing. analytical work.
and publishing of results. The Nevada Operations Office
(NW30) of the U.S. Department of Energy (DOE) was
responsible for program management in the planning
phases and the interaction with other United States
agencies and departments and the government and peo-
ple of the Marshall Islands.

The survey was conducted in three separate seg-
ments over a 3-mo period. The first segmem of the
survey included Rongelap. Taka. Utirik. Bikar. Rongerik.
and Ailinginae Atolls. The second segmenl included
Likiep. .4iluk. and Wotho Atolls. and .lemo mtd Mejit
Islands. The concluding third segment included Ujelartg
and Bikini Atolls. with a limited stop at Ene\vetak Atoll.

The external gamma aerial suney was conducted
from the ship. L!.S.N.S. Wheeling. by Edgerton Germc-
shausen and Gner (EG&G) with the support of J Navy
helicopter group. HC- 1 Detachment 3. from the North

Island Naval Air Station. San Diego. California. The
EG&G Nal detector and data an-dysis system was
mounted on one of the two Navy helicopters (Sikorski
H-3) carried by the Wheeling and flown by Navy pilots
on 46-m grid hnes at an altitude of 57 m over the islands
at each atoll. A complete report of the external gamma
measurement pro-gain is available as part of the Northern
Marshall Islands surve! assessment (Tipton and
Meibaum 1981).

The terrestrial and marine programs were conducted
primarily with small boats using the Wheeling as an
operation base. These two sampling programs were
designed as screening sune}s to collect adequate sam-
ples to make dose estimates for ingestion and inhalation
pathways. A second helicopter aboard ship was used to
help distribute equipment anti marine and terrestrial
sampling crew’s around the atolls. During the first leg of
the survey. weather was good and the helicopters were
used only for the aerial suney. During the second leg of
the survey. only one helicopter was in operation and it

,
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was dedicated to the aerial swev. During the third leg,
the second helicopter became avadable and was essential

to the terrestrial and marine proms because of adverse
weather conditions.

A summary of the numbers and t>’pes of samPles
collected at each atoll is listed in Table 1. Over 5,400
soil. animal. vegetation. fish. clam. sediment. cistern
~vater. and groundwater sampies were coiiected from the
!2 atolls and 2 islands during the Nonhero Marshall
i~iands survey field operations. All samples were re-
;umed to LLNL for processing. The anai}-ticai work was
conducted both at LLNL and at contract laboratories.

A series of reports were produced that addressed the
radionuclide concentrations in cistern water and ground-
water. and the estimated doses \ia ingested water (Nosh-
kin et al. 1981a): the radionuclide concentration in
marine species and the associated estimawd doses from
the marine pathway (Robison et al. 1981b: Noshkin et al.
1981b); the radionuclide concentration In soils, plants,
and animals at each of the atolls and islands and the
estimated doses via the terrestmtl food chain and all other
pathways (Robison e[ al. 1982a): the analytical methods
and quality controi programs (Jenmngs and Mount
1983); the data base: and the sampling. processing, and
anal ytical methods and surtumuy (Robison et al. 1981a).
A separate report was written for Bikini Atoll (Robison et
al. 1982b).

Since the 1978 NMIRS. extensive data bases have
been developed for Rongelap. Enewetak. and Bikini
Atolls, and separate. more detailed data and dose assess-
ments have been published (Robison et al. 1987, 1988.
1994, 1997; Robison and Conrado 1996a. b).

This report summarizes the radiological concentra-
tions and doses from all pathways de~eioped for the
NMIRS. All data are decay corrected to 1996 to represent
current conditions. Detailed results are summarized in
the original reports.

SAMPLE COLLECTION PROCEDURES

Terrestrial samples [planL animal. soiL and water)
The fieid collections were designed to take a repre-

sentative sample of the locally grown food supplies
available to the local populations and to determine the
radionuciide concentrations in animais and plants rela-
tive to soils for an ermre isiand and atoll. At inhabited
atolls. local residents were hired to assist field crews in
the collection of the samples.

Representative samples of available Iocal food sup-
piies consisted of animals. fowi. and food grown on the
islands. Coconuts are the most common and abundant of
the food plants and provided a common type of sample at
all atoils. When found by field teams. Rmdunus. bread-
fruit, papaya. banana. squash, and Tacca (anmvroot)
were also collected. If no food crops were available on an
island. then native plants such as A&w-h&i fruit. and
Scaevola. Pisonia. and Messerschmedia leaves were
collected so estimates of the radionuclide concentration
in food crops could be deveioped using correlation
coefficients (activity per gram in one plant species
divided by the actlvny per gram in a different species).

Pigs and chickens. which represent the major source
of meat protein outside of imported canned meats. were
collected for analysis of various organs. Coconut ctabs
were collected when found.

Soil profile sampies were collected in the root zone
of most of the sampied plants. The radionuclide concen-
trations measured in the plant tissue could then be
compared to concentrations in the soil. Approximately 1
kg sample of soil was taken in the following increments:
O-5, 5–10. 10–15, 15–25, 25–40, and 40-60 cm. A
40-cm-deep profile encompasses most of the active root
zone of the subsistence crops that grow in the Northern
Marshall Islands. A trench was dug mdially from the
trees to minimize root damage using either a backhoe or

Table 1. Total numberof samplescoiiected and analyzed b} atoll or island from the XMIRS.

No. of Cistern Ground Lagoon Lagoon TM]

Atoll Islands sol] Vegerauon Animal” Fish” clams” water water water sediment samples

Rongelaph 12 398 143 28 149 10 2 ~ 7 9 748

Taka 3 53 1- 0 42 10 0 0 2 4 128

Uririk 5 27 I 116 22 JP l? 1 I 4 6 475

Bikar 3 41 ~ o 54 6 0 0 3 4 116

Rongerik 6 161 5s 1 84 10 0 0 4 6 324

Ailinginae 10 ’75 -3 ~ 90 ]~ I o 4 10 423

Likiep 10 :;6 I 03 24 79 8 3 3 4 9 499

Jemo Island I lU :, 0 24 0 0 0 0 3 51

,Mejit Island I 48 :* 23 6 0 () o 0 3 106

Aihsk 9 :6J }rJ2 24 54 6 7 3 4 8 466

Worho 1 i 74 :. Is 60 7 I 1 4 7 317

Ujelaq . 279 1:: 14 42 8 I 1 5 5 469

Bikinih Ifl 391 l:- 0 I 79 1~ ? -$ 7 II 1.233

Enewetak’ 5 6 ,..- 0 60 0 i 0 0 0 80

Total 91 :.(W3 %1 153 965 101 14 15 48 85 5.435

“ Values for ammak.. fish. md clfims we me number of [Issues prcmrcd for analvsls.
“ Additional radiological &u have been ccveioped over the years I Rohison et al. 1987. 1988. 1994. 1997: Robison and Corrrado

1996a. b).
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shovel. Additional soil profiles were collected at sites
around the islands u-ith no associated plant samples.

Groundwater twell water) and cistern water (rain-
water collected from dwelling roofs) samples were col-
lected \vhenever a~ailable at the atolls. The groundwater
was filtered through I- and 0.4-#m filters to separate
particulate. Cistern water was not filtered.

JMarinewnples (seawater. Sedirnen& f~h, and clams)
Large-volume seawater samples were taken from

various locations m each lagoon. All samples were
filtered through a i -~m cylindrical fiber-cartridge filter
into plasttc barrels to separate particulate. Sediment
samples were also collected at these locations. Additional
sediment samples were collected from other locations
around the inner perimeter of the lagoons.

Throw nets were used exclusively to catch reef fish
at the atolls. hrge peiagic and benthic fish were col-
lected on sport fishing gear.

Specitic species collected represented those com-
monly eaten by the .Marshallese and found in relative
abundance at different locations. In addition, we col-
lected species with a variety of feeding habits. and for
those which previous radiological data were available.

SA31PLE PROCESSING PROCEDURES

Terrestrial samples
Most vegetation samples were a composite on the

average of five indi~idual fruits. The plant samples were
washed to remove any soil. dissected into different
segments (i.e.. meat. skrn. and seeds) and weighed. The
samples \vere then tieeze-dried. reweighed, and ground
to a homogeneous texture. Juices were slowly evaporated
in ovens to approxnnateiy 200 rrd (Robison et al. 1981a).
The animai samples were dissected into different organs
and tissues. weighed. dried and ground. The soil samples
were dried and ball milled to produce a homogeneous
sample.

The ground vegetation, animal. and soil samples
were pressed into an aluminum can or vial, with volumes
of 222 cm: and 42 cm: respectively. and sent for analysis
by gamma spectrometry of ‘37CS and other gamma
emitting radionuclides. Detailed processing procedures
are outlined in Stuart ~1995).

When gamma analysis was complete. the canned
samples \vere sent to a contract laboratory for wet
chemistn analysis for ‘Sr, Z.W+2.Cpu, ad 24’Am. hJ-

plicates and standards. blind to the analyst. were included
with each group of samples sent for analysis. A complete
report on the qualit} control program is a part of the
original series of repons (Jennings and Mount 1983). The
quality control program was conducted independently by
C. D. Jennings of Western Oregon State College. Ore-
gon.

Nlarine samples
Filtered water samples were transferred to large.

plastic processing containers where they were acidified.

Jul} 1997. Volume 73. Number I

and standardized carrier solutions u ere added. The ra-
dionuchdes were separated from the water using pub-
lished procedures (Wong et al. 1994). The filters (partic-
ulate fractions t were dry ashed. gamma counted,
dissolved. and specific radionuciides separated by stan-
dard procedures.

Frozen sediment samples were thawed. weighed
wet. and dried in ovens to a constant weight. The
sediment was then homogenized using a shaker-type ball
mill and placed in the aluminum cans or vials for analysis
by gamma spectrometry.

Fish and vertebrate samples from each location were
thawed. weighed. measured. and dissected into distinct
tissues and organs. Sample tissues from the same catch
and species were pooled to produce a large enough
sample for analysis. The samples were oven dried, dry
ashed. homogenized. and put in aluminum cans or vials
for gamma analysis.

Wet chemistry analyses at LLNL were performed by
standard methodology (Wong et al. 1994). Each contrac-
tor laboratory used their own procedures. but had to meet
our quality control criteria (Jennings and Mount 1983).

DOSE CALCULATION METHODOLOGY

The analytical results from the analysis of these
samples along with the EG&G external gamma data were
the basis for the dose assessments at the atolls and
islands.

The dose estimates for each island were calculated
for 1996 assuming residence on the island and the
consumption of local foods grown on the island. We used
Spiers methods (Spiers 1968) in conjunction with models
developed by Bennett (1973, 1977), Bennett and Klusek
(1978), and Bennett and Harleyq to calculate the bone
marrow dose from “’Sr. For other radionuclides. the dose
calculations were made using dose models described in
the Bikini Island dose assessment report in this issue
(Robison et al. 1997). The gut transfer factors used for
23’”~~u and 24‘Am in [he 1978 dose calculations were
10- and 5 X 10-4, respectively. The biological half-
Iives used for plutonium and americium were 100 y for
bone and 40 y for liver. Plutonium and americium were
assumed to be class-W compounds for the inhalation
dose calculations.

The radionuclide concentration data used for the
ingestion pathway dose estimates are listed in detail for
terrestrial foods. marine foods. and water in the original
repcms (Robison et al. 1981b. 1982a; ,Noshkin et al.
1981a~.A summary for the most important food is given
in Tables 2. 3, and 4 for representative islands at each
atoll. decay corrected to 1996.

The ingestion doses in this report are based on a diet
model that includes both Iocaily grown and imported
foods. This diet model. and its relevance to dose esti-
mates in the Marshall Island. is discussed in two reports

1 Personal communication. Bennett. B. C.: Harley. J. Unimd
States Depanmem of Energy Enwronmental hleasurernerm Labora-
(on. New }“ork. NY: 1979.

!
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Table 3. The meancottcemrauonsof rachonuclidesin muscle tissue from animals collected on representative islands at
each atoll.

Radionuclide concentrations in Bq k: ] UC.I weight’

Pork Chicken Coconu[ Crab

.Atolt/fsland Nb ‘-’7CS ‘%r
:1”.J*

‘Pu “’. +m’ Nb l17~\ % r ~’”-’’”pu “‘ Am’ .~b 1~7c5 Wlsr m9+2~
2“ Am-

Rongeiap

Rongeiap 2 212 0ss87 1.4X 10-’ 2.s X“lo-’ I 6-t 0.13 2.5 X’10-’4. IX IO-’— — — —

Arbar ———

—
—— _ — — 2 87 M

%hr,qinae

— 0.072 O.ON

Sifo —— — — —— — — — — 1 41 2.2 0.025 4,3 x 10-+

L“sirik
Utink 2 83 0.036 <4.0 x 1o”” <7.7 x 10-’ I 14 0.19 9.5x 10-’ 2,3X 10-’ — — — — _

Likkp

Likiep 2 44 — —

.ttcjit Island 2 44 9.7 x 10-’ 1.6 X If)-’ 1.s110-’; 1;”7 — – – – – : : z0.014 I.ox 10-’ 1.2X 10-’— —
4duk

Aihsk 2 32 O.(W4 <1.7X 10-” 7.7 ‘x IO-4 1 8.8 0.027 <3.6x 10-’ 1.8X 10-’— — — —
:t’o(ho

—

Wotho I 16 1.9 X 10-3 <1.4X 10-’ <1.1 x 10-4 I 2.6 4.6 X 10-3 l.OX IO-’ — —— — — _
L/eiang

Ujeiang 2 1 I 0.014 6.6 x 10-’ ~.() x 1(3-4 — — — — —— —— _ —

● Specific actwitv decay comecmd 10 1996.
b Number of samples collected.
‘ Specific act]wty for 2“ Am reIkcts the m grow~h from ‘“PU decay since 1978

Table 4. The mean concenttauons of radlonuclides in muscle tissue from fish and clams collected at each atoll or island.
NOTE: Non-detec!ed concentrmons are equal to the maximum detection limit and are noted by the < symbol.

Radonuclide concentrations in mBq kg -‘ wet weight’

Reef fish Pelagic fish clams

Atoll N’ ‘37CS “Sr “9+2% “ ‘.\m’ N’ ‘37CS ‘% 23’+2% 2’r Am’ Nb ‘3’CS “!jr 239+24’PU 241~C

Rongelap 598 586 17 II 1.4 7 684 <7.3 ().~~ 0.27 3 48 160 81 46
Rongerik 283 317 12 2.6 0.4 I 7 611 <7.3 0.52 <0.27 3 146 109 13 14
Ailinginae 279 342 1? 3,-I 0.91 4 537 <7.3 0.37 <0.37
Utirik

4 <14 24 13 9. I
110 298 <21 8.5 0.46 3 469 <9.8 <0.37 <0.46 19 25 <61 16

Taka
<2.7

129 220 12 4.4 0,91 3 684 <4.9 0.19 <0.14 3 <4[ <81 15

Likiep
<9.0

294 269 11 1.5 o.91— ——— — 4 <20 <34 12 <25
Mejit Island 70 171 — <0.07———— —————— —

Ailuk 17~ 220 <]~ 1.5 <0.46 I 391 <17 0,74 0,23 3 <25 <29 3.7
Wotho

<1.4
298 317 <7.0 1.5 0.46 2 488 4.9 <0.15 0.14 2 <12 <83 3.3 4.6

Ujelang 77 147 5 <0.] I -cO.23 87 488 <7.3 0.74 <().46 13 30 <98 22 16
Bikar 140 415 12 1.5 ().46 4 635 9.8 0.37 <() 46 3 65 <49 4.8 32

Jemo Island 99 39 I <24 [.5 .- 3.7 — — — — — —— —— —

“ Specific activity decay correcteo 101996.
b Number of individual fish or chrns collected. Samples were pooled from the same cinch and spcaes. and this number does not
represent the number of analyses ceriormed.
c Specific activity for ‘“Am reflars the in grmth from 2“PU decay since 1978.

in this
1996).

issue (Robison et al. 1997: Robison and Sun The survey on Bikini Island was conducted at 30-m
intervals over the whole island resultirw in about 2.100

The external gamma measuremems made with the
aerial system by EG&G were the main data used at most
atolls to determine the external gamma dose at the
isiartds. Detailed data showing specific contours for each
isiartd are available in the originai report (Tipton and
\leibaum 1981). The resolution on Island sun-ace for the
aerial measurements was about 100 m. Additional exter-
naf gamma data were available for Bikini and Eneu
lsiands a[ Bikini Atoll. A major external gamma survey
was conducted at these 2 is]~ds by LLXL in ]975
(Gudiksen et al. 1976). The sumey was conducted on the
-ground using portable gamma-rate meters at I m height.

.—-—
measurements. The external gamma measurements at
Eneu were made at 100-m intervais. The EG&G contours
for Bikini Island developed from the aerial measurement
were very consistent with the contours developed from
the ground survey with a 30-m resolution. The surveys
also agreed verv well at Eneu Island.

Tie dose ~stimates for external gamma exposure
were made using the island average exposure rate for
‘37CS and ‘Co. No shielding was included. Dose esti-
mates subsequent to the 1978 publications use estab-
lished time distributions for various areas of the is]mds
and measurements made inside houses and around the
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villa:e center and living areas. These are combined IO
develop more realistic external dose estimates as de-
scribed in the Bikini dose assessment in this issue
(Robison et al. 1997).

‘“’g‘240Pu and “ 1Am are the major contributors to
radiological dose via the inhalation pathway. The meth-
odology is based on resuspension experiments conducted
at 3 different atolls in the Marshall Islands. The dose
estimates from the inhalation pathway are based on a
mass loading model developed from our Bikini Island
resuspension studies and discussed in other reports in this
issue (Robison et al. 1997: Shinn et al. 1997). The
surface soil (0-5 cm) is the source of 239+240Pu and
241Am particulate resuspended in the air by wind action
and available for inhalation. The dose estimates via
inhalation at the various islands were determined by
using the 239+240Pu and 241Am concentration in the
surface soils at each island. the mass loading model. and
a breathing rate of 22 m3 d-1 to determine the daily
inhalation of plutonium and americium. The ICRP lung
model used to estimate the dose was the lung model
given in ICRP 30 (1982).

RESULTS

The radionuclide concentrations were determined
for most of the food items listed in the diet model used
for dose assessment. If food samples were available for
an island, then the data were used. For those atolls where
some food crops and animals were unavailable. the
radionuclide concentration was estimated by applying
concentration ratios [activity per gram in vegetation
divided by the activity per gram in soil) or correlation
coefficients that were developed at atolls where such
food crops were available, to the soil or plants at those
islands where direct data were unavailable. Data for fish
and clams, for islands where some species were not
caught. were extrapolated for lagoons where similar
conditions existed. A total of 26.018 analyses. by both
gamma spectroscopy and wet chemistry. resulted from
the NMIRS (Robison et al. 1981a).

The mean radionuclide concentrations of ‘37CS.
~OSr,239+24

%, and 2“ Am for the major local terrestrial
foods found in the hh.rsiiallese diet are given for the
residence islands or major land masses of each atoll in
Tables 2 and 3. These data are representative of each
atoll sampled. Data for the other islands at the atolls and
minor food items collec[ed can be found in the original
reports (Robison et al. 1982a).

Coconut consumption is the major source of radio-
nuclide intake from lmal foods. Two distinct growth
stages exist in the die[ model for coconut-drinking and
copra. Drinking coconuts have a dry to wet weight rauo
of less than 0.45. Cops-a coconuts have a ratio greater
than or equal to 0.45. ]37CS concentrations are much
lower in the drinking than the copra coconuts. Calculated
doses are dependent on differentiating between the s[ages
of’ coconut.

The mean radionuciide concentrations for the ma-
rine species found in the diet model by atoll or island are

July t997. Volume 73. Number I

found in Table 4. A more detailed breakdown by species
aad tissue can be found in the original repcms (Robison
et al. 1981b: Noshkin et al. 1981b). Sediment and sea
\vater can be used for funher comparison of radionuclide
conditions found in the marine environment. These
results can be found in Noshkin et al. (1987a. b).

Cistern and ground water are also found in the diet
model. The drinking water pathway contributes a small
portion of radionuclides to the total estimated doses.
Radionuclide concentrations and dose assessments of
cistern and ground water are found in the original reports
C40shkin et al. 1981a).

Soil radiological conditions at the representative
islands at each atoll are characterized in Table 5. The
mean concentrations of 137CS,9oSr, ‘39+2% and 241k
are listed by increments in the soil profile. The decrease
in activity with depth is exponential as shown in Fig. 2.
Approximately 80% of the activity is in the top 15 cm of
the soil column for atolls and islands sampled.

The external gamma data generated by EG&G used
for the dose assessment are listed in Table 6. The mean
value was used for calculating the external gamma dose
at each island. The range of exposure rate contours that
encompass most of the land area for each island are also
listed.

1000 -
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100” -..
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Sod depth mtdpomt,cm

Fig. 2. Mean radlonuclide concenuauons in soil at Rongeiap

Island. Rongelap Atoll, The exponential reduction In concenttauon

as a function of soil depth. is representauve of soil profiles at other

islands and alolls summarized in this report.
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Table 6. External gamma exposure rates al atolls and islands included in the NMIRS.=

Mean Major contours Mean \laJor contours

.AtolUtsland UR h-’ UR h-’ .A[ollhland IAR h-’ UR h-’

Bikm
Sam

IrOg!
O&k
Lcuullk
.Aomen
Bknu
Rrnkere

EIru
Aesokojilol
L&a Eneman
Enidnk
Lukoj
Jeku
Oruken

Rongetap
Boxukka
Ka&lle
=tok
Lorrulal

Yuaul
R&elap
Arnar
S-

Lukuen
Gabelle

@an
Busch
Tufa

Roneenk
EniWerak

Bigonattam
Lunback

Brrxk
Rmgerik

.Ai/inrfnae

Ucchuwanen
Kmx
M@ri
Sifo
Ribmoun

Embuk
%lamkoryaan

14
4.5

1.1
1.!

3.0
20

9.9
1.5

033
0.86
2.8

24
29

7.3

4.5
9.:

6.6
21

?5
3.0
?.7

28
18

5.8
8.6
3.6
3.0

3.Q

4.3

3.8

5.0
4.0

1.3

0.92
1.3
0.92
1.3

1.1
1.7

w
0.5-5.9

0.23-0.92
1.5-13

0.23- 1.5
X&IO

4.&9.2

0.9-4.0
0.08-0.23
0.08-0.92

I .5-9.2
9-26

2040
2.6-5.9

2.6-4.0
4.0-13
4.0-9.2

13-26
13-26

I .54.0
1.5–2.6
2Gut

9-20
4.ck5.9

1.5-5.9
1.5-4.0
0.9-2.6

1.5-2.6
4.0-5.9

2.64.0
4.&5.9
4.0-5.9

0.50-0.92
0.50492
0.23-0.92
0.234s.92
o.5&0.92
0.50-0.92
0.92-13

LIink
Aon
Bigrak
Utink

Talz
Taka

fik:ep

Jiebaru
Kapenor
Mato
Likiep

,Wejif Island

/Wuk
Enejeiar
Bigen
Aguhse
Aliet

Ailuk
Berejao
Kapen

W’orho

.Medyeron
Worho
Kabben

tijelang

Kdo
Daisu
Ujelarrg

Bikar

Jaboerukku
Bikar

Amo Isfhd

0.46
0.50
0.48

0.28

0.13
0.15
0.14

0.13
0.18

0.17
0.16
0.14
0.15

0.13
0.13

0.17

0.13
0.13
0.15

0.15,
0.14
0.14

0.13

0.33

0.34
0.15

0.434.92

0434.92
0.4U.92

0. XI-O.43

0.09-0.20
0.09-0.20

0.09-0.20
0.09-0.20
0.09-0.20

009-0.20
0.09-0.20
0.09-0.20
0.094.20
0.09-0.20

0.09-0.20
0.09-0.20

0.094.20
0.094.20
0.09-0.20

0.09-0.20
0.09-0.20
0.05409
0.OWI.20

0.20-s) .43
0.20-0.43

0.094.20

● Data fmm Tipton and Meibaum 1981. decay corrected to 1996.

The estimiued maximum annual doses (defined as
that year when the sum of the dose from all radionuclides
and pathways is a maximum ) based on the diet model and
radionuclide concentrations in food. water. and air and
the external gamma exposure at the islands are listed in
Table 7. The results are for 1996 conditions at the islands
and were genemted by correcting the original doses for
radiological decay from 1978 to 1996 for both 137CSand
‘%r. The 50-y lmegral effective doses from all exposure
pathways are aiso listed in Table 7. The 50-y inte.grd
dose can be used for providing risk estimates for the
population.

An exampie of the relative importance of radionu-
clide and pathi~ay contributions to the total estimated
dose can be found in Robison et al. ( 1997). In general.
the ingestion pmhway at the various atolls contributes
70% to 90% of the estimated dose mostly from 1‘7CS

(-95%). The external gamma exposure from 137CSac-
counts for about 10910to 30% of the estimated dose.
Other pathways and radionuclides account for about 3%
or less of the estimated dose. The concentrations of %r.
‘3”+24% and *“Am are very low in all edible foods and
contribute in a minor way to the total dose. Resuspension
at the atolls is very low so that the inhalation dose from
‘39-Z%% and 241Am is about 1% of the total estimated
dose.

DISCUSSION AND CONCLUSION

The ciose-in faiiout pattern from the BRAVO test.
shown in Fig. 1. traveied in an easteriy direction from
Bikini. Atolis east of Bikini and north of a iine drawn
from the southern half of Enewetak Atoii in the west to
above Mejit Isiand in the east are more contaminated
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Table 7. The estimated mimimurn annual effective doses and the 50-y integral effective doses in 1996 for atolls and

islands-included in the NMIRS.

Annual dose 50-V m[c-~ Annual dose 50-y msegsal
Atoll/Island Annuai dose So-y mtegraimSv !-’ dose. mS\ .AIOll/island mSv y-t dose. mS\ ,A1oil/tsland

Iiongeiap
mSv !-! dose. mSv

Naen
Taka

2. I
.Ailuk conr.

M Taka
Kabelle 0.9

0.03 1.0 Berqao
26 Eluk 0.02

0.03 0.9
Menu 0.6 18,5

0.7
Eluk 0.02

Kapen 0.03 I .0
Eniaetok 0.6

0.: Wofho
19 Lkwp

Rongeiap 0,4 Medveron
II 0,02

.Agony 0.02
0.5

Arbar (J2 0.8 Wotho
6.6 Kapenor 0.02

0.02 0.5
Ron,gerik 0,6

Likiep
Kabben

0.03
0.02 0.5

Enewetak 0.3 8.6
1:1 Bib

Rikuraru 0.02
Rongesik 0.4 12 0.7

.Wejit Is.
Jaboerukku

Ai[inRinae 0.04
0.04

1.2 Bikar
1.3

0.04 [.3
Ucchu wsmen 0.1 4.6
Knox

.Ailuk
o.? 5.1

Jemo IS.
Enijabro 0.03

0.03 0.9
Mogin 02 4.8

0,8
Enejeiar

Sifo 0,1
0.03

2.6
0.9

Bigen
fJjefan8

Utirik
0.04 1.3 Ujelang

.Agulue 0.03
0.02

Aon 0,9
0.7

0.10 32
Utirik

Aliel
0.07

0.03
?J 0.8

Aihsk 0.03 I .0

than those lying to the south of this iine. The atolls east
of Bikini Atoll and north of the above mentioned line
received a deposition densitv of radionuclides that dimin-
ished with distance from Bikini Atoll.

For example. the highest radionuclide concentra-
tions in soil and plants, the highest external gamma
exposures, and, consequently. the highest estimated
doses east of Bikini are at Rongelap Atoll. There is a
significant difference between the southern half and the
northern half of Rongelap atoll. The concentration of
radionuclides in soil and vegetation is about a factor of
five lower in the southern half of the atoll (Robison and
Conrado 1996a, b). Contamination levels in the northern
half of Rongelap are more similar to Bikini Island
because the centerline of the fallout pattern crossed the
notthem half of Rongelap Atoll. The dose est]mates in
Table 7 reflect this difference with the dose for Rongelap
Island being about 0.4 mSv y-1 and [hat for Naen Island
in the north being 2.1 msv y–’.

Rongerik Atoll, just ea~t of Rongelap. has the next
highest deposition density of radionuclides. Rongenk is
an uninhabited atoll, but assuming residence on Rongerik
leads to estimated doses of about 0.4 mSv y-1.

AiIinginae Atoll, which is owned by the Rongelap
peopie. lies just to the southwest of Rongelap Atoll. and
as a result of the location. the deposition density of
radionuclides and the resultant estimated doses are less
than at Rongelap Island. The estimated doses for resi-
dence on Ailinginae are about 0.1 to 0.2 mSv y-1.

The deposition density of radionuclides diminishes
significantly for atolls south of Ailinginae Atoll and east
of Rongerik Atoll. At Utirik AIo]] the ‘37CSconcentra-
tions in the soil and the external gamma exposure are
about a factor of 6 less than m Rongeiap Island. The
estimate dose for Utink Island is less than 0.1 mSv ~–’.

The atolls south of the abo~e mentioned Ime,
Ujelang. Wotho. Ailuk. Likiep. .lemo Island. and Mejit
Island. all have much lower concentrations of radionu-

clides in the soil and pian~ and lower extem~ g~
exposures than the atolls discussed above that lie to their
north. The effective dose estimates all range betw~
0.02 and 0.04 m!jv y-1 with the 50-y integral effective
dose ranging from 0.5 to i.3 mSv.

The methodology for calculating the uncertainty and
interinditidual ~ariability in dose estimates at Bm
Island can be found in this issue (Bogen et al. 1997). Tbe
results in this report for Bikini Island are indicative of tbe
range of uncertainty and interindividual variability in
estimates for other islands.

The background radiation dose in the MarSIMIl
Islands is about 2.4 mSv ~--1 (Table 8) of which a
significant fraction ( 1.8 mSv) comes from naturally
occurring 2’T0 Ingested \ia consumption of fresh fish
(Noshkin et al. 1994). Consequently, the combined dose
from background and bomb related radionuclides is less
than 2.8 msv ~ -‘ at Rongelap Island, akut 2.5 msv y–’
at Ailinginae Ato]l. less than z.5 MSV y-]

at Utink, and
only slightly over the background dose of 2.4 msv y– t ~
the other inhabited atolls of Ujelang, Wotho. Ailuk.
Likiep, and Mejit Island.

For comparison, the average background dose
worldwide is abou[ 2.4 mSv \ – 1with some regions of tbe
world having background “doses a~ve I () msv y- I

Table 8. Marshall Islands back-ground dose.

Effect]ve dose ~le
Source mSv y-a

Cosmic
— fJJ~
Comogemc 0.01
Terresmal
.U,.. 0.0I. K
“’)Po [dsetId
2’”Pb {het)-
—

0.18
1.8
0.20

“[otal >,
L.+

‘ Main source IS uesh fisn In the IOCU diet (Noshksn et al. 1994).
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Table 9. ‘~7Cs concentrations in ve~etatton and soil in the .<15’ latitude band.

47

Bq kg-’ wr weigh~ Bq kg-‘ dry weigh~

Drinking Drinking
coconut coconut

Locations

Soil Soil
N’ meat No juice s’ Breadinm \!h Pandamt.s ~h 0-5 cm W’ O-IO cm

Pohnpei’ 11 5.2. 9 I .7 8 4.5 — — 17 8.1 17 2.8

Pohnpeid 1 3.4 — — — — — — 3

MaJuro AtollC 14

8.6 — —
3.5 14 I .9 5 1.? — — 13 2.9 — —

Majuro Ato114 ~ 7.6 — — — — — — 1 1.5 — —

Kwajalein 13 4.9 14 3.0 2 6.9 [ 14 15 6.9 8 2.4

Atoll’
Kwajalein 1 8.5————— —————

Atolle
Guamd 2 2.1————— —211— —

Trukd 3 1.7 — — — — — — 1 4.8 — —

Pataud 2 t.o — — — — — — 3 8.3 — —

‘ Specific activity decay corrected to 1996.
b Number of samples.

‘ Specific activity is from samples collected between 1981 and 1990 b} LLNL.
‘ S“~ific activity from Nelson 11979).

‘ Specific activity from Nelson I t977).

~L!SSCEAR 1993). The average background dose in the
U.S. is about 3 mSv y-’ (NCRP 1987). The estimated
combined dose at Rongelap Island of less than 2.8 mSv
y–’ is slightly above the worldwide average of 2.4 mSv
y–!. but below the U.S. average of 3 mSv y-1. All other
inhabited atolls have combined doses from back~und
and bomb-related radionuclides essentially the same as
the world wide average of 2.4 mSv y-1.

The concentration of 137CSin soils and vegetation
from the southern half of Kwajaiein Atoll. Majuro Atoll,
Pohnpei. Guam, Truk, and Palau that represent world-
wide fallout levels for the 5-1 5“N latitude band. are
listed in Table 9. The concentrations of these same
radionuciides at Likiep, Ujelang, Wotho. Ailuk. and
Jemo and Mejit Islands are about a factor of 2 to 3 above
these worldwide fallout levels.

External gamma measurements were performed by
Simon and Graham (1994) for the northern and southern
atolls in the Marshall Islands. The gamma measurements
at the northern atolls of Likiep, Ailuk. and Jemo and
Mejit Islands were found to be slightly higher than the
southern Marshall Island atolls. The exposure levels at
these latter atolls were indistinguishable from worid-
w~ide fallout ieveis at the 0-1 O“N latitude band.

REFERENCES

Bennett. B. C. Strontium-90 in human bone. 1976 results from
New York City and San Francisco. New York: United
States Atomic Energy Commission Health and Safe~ Lab-
oraton: HALS-328: 1977.

Bennett. B. C. Strontium-90 in human bone. 1972 results from
New York City and San Franctsco. New York: United
States Atomic Energy Cotnmisslon Health and Safeg Lab-
orato~: HASL-274: 1973.

BennetL B. C.; Klusek, C. S. Stronuum-90 in human bone.
1977 results from New York City and San Francisco. New
York: United States Department of Energy Environmental
Measurements Laboratory: EML-344: 1978.

Bogen. K. T.: Conrado, C. L.: Robison, W. L. Uncertainty
analysis of an updated dose assessment for a U.S. nuclear
test site—Bikini Atoll. Liverrnore, CA: Lawrence Liver-
more National Laboratory; Health Phys. 73:11 5–1 26; 1997.

Gudiksen. P. H.; Cntes, T. R.; Robison, W. L. External dose
estimated for future Bikini Atoll inhabitants. Livermore,
CA: Lawrence Livermore Labomtoty; UCRL-5 1879 Rev.
1; 1976.

Jennings. C. D.: Mount, M. E. The northern Marshall Islands
radiological survey: A quality control program for radio-
chemical analysis. Livermore. CA: Lawrence Liverrnore
National Laboratory; UCRL-52853, Pt. 5; 1983.

hrtemational Commission on Radiological Protection. Limits
for intakes of radionuclides by workers. New York: Perga-
mon Press: Publication 30, Vol. 3: 1982.

National Council on Radiation Protection and Measurements.
Exposure to the population in the U.S. and Canada from
natural background radiation. Washington. DC: National
Council on Radiation Protection and Measurements: NCRP-
94: 1987.

Nelson. V. A. Radiological sutwey of plants, animals and soil
in Micronesia. November 1975. Seattle, WA: University of
Washington. Seattle. WA; NVO-269-35; 1979.

Nelson. V. A. Radiological survey of plants. animals and soil
at Christmas Island and seven atoUs in the Marshall Islands:
progress report for 1974–1 975. Seattle, WA: University of
Washington: NVO-269-32; 1977.

Noshkin. V. E.; Eagle, R. J.: Wong, K. M.: Jokela, T. A.;
Robison. W, L. Radionuclide concentrations and dose
assessment of cistern water and groundwater at the Marshall
Islands. Liverrnore. CA: Laumtce Livermore National
Laboratory: UCRL-52853. Pt. 2: 1981a.

Soshkin. V. E.: Eagle, R. J.; Wong. K. M.; Jokela, T. A.:
Brunk. J. L.: Marsh. K. V. Concentrations of radionuclides
in reef and lagoon pleagic fish from the Marshall Islands.
Livermore, CA: Lawrence Livermore National Laboratory;

UCID-19028: 198 lb.
Soshkin. V. E.: Robison. W. L.: Wong. K. M. Concentration of

“(’Po and ~’OPb in the diet at the Marshall Islands. Sci. Tot.
Environ. 155:87-104: 1994.

Xoshkln. V. E.: Wong. K. M.: Eagle. R. J.; Robison, W. L.



4s Health Physics

Comparative concentrations of 137CS. ‘Sr. 239”%. and
‘~]~ in tissues of fish from the \larshall Islands and
calculated dose commitments from their consumption. In:
Environmental research on actinide elements. U.S. DOE.
Springfield. VA. CONF-84 1142/DE860087 13: 391-427;
1987a.

Noshkin. V. E.: Wong. K. M.: Jokela. T. A.: Brunk. J. L.;
Eagle. R. J. Plutonium and americium behavior in coral atoll
emwonments. Chapter 14. ln: O’Conner. T. P.: Burt, W. V.:
Duedall. I. W.. eds. Oceanic processes in marine pollution.
Vol. 2. Physicoehernical processes and wastes in the ocean.
Robert E. Kreiger Publishing Company, Malabar. FL:
1987b.

Robison. W. L.: Bogen, K. T.; Conrado. C. L. An updated dose
assessment for a U.S. nuclear test site—Bikini Atoll. Health
Phys. 73:100-114:1997.

Robison. W. L.; Conrado. C. L. Radiological conditions at
Naen. Yugui. Lomiulal. Kabelle, and %lelhr Islands in the
nonhero haff of Rongelap Atoll. Livemtore. CA: Lawrence
Livermore Nationaf Laboratory: UCRL-ID- 123374; 1996a.

Robison. W. L.: Conrado. C. L. Radiological conditions at the
southern islands of Rongelap Atoll. Livermore. CA: Law-
rence Livermore National Laboratom: UCRL-ID- 123375;
1996b.

Robison. V’. L.: Conrado, C. L.: Bogen. K. T. An updated dose
assessment for Rongelap Island. Livermore, CA: Lawrence
Livermort National Laboratory: UCRL-LR- 107036; 1994.

Robison. W. L.: Conrado, C. L.; Stuart. M. L. Radiological
conditions at Bikini Atoll: Radionuclide concentrations in
vegetation. soil. animrds, cistern water. and ground water.
Livemnore, CA: Lawrence Livermore National Laboratory;
UCRL-52840: 1988.

.-

Robison. W. L.: Conrado, C. L.: Phillips. W. A. Enjebi Island
dose assessment. Livermore, CA: Livermore National Lab-
OEitO~:UCRL-53805; 1987.

Robiscrn. W. L.: Cortrado, C. L.; Eagle. R. J.: Stuart, M. L. The
northern Marshall Islands radiological survey: sampling an
analysis summary. Livermore, CA: Lawrence Livermore
National Laboratory; UCRL-52853. Pt. 1; 198 la.

Robison. W. L.; Noshkin, V. E.: Phillips. W. A.; Eagle, R. J.
The northern Marshafl Islands radiological survey: Radio-
nuclide concentrations in fish and clams and estimated
doses via the marine pathway. Livermore. CA: Lawrence
Livermore National Laboratory: UCRL-52853, Pt. 3;
1981b.

Robison. \V. L.; Mount. M. E.: Phillips. W. A.; Conrado, C. L.;
Stuart. }1. L.; Stoker, A. C. The northern Marshall Islands

July 1997. Volume 73. Number 1

radiological survey: Terresmal food chain and totaf doses.
Livermore. CA: L;wrence Livermom National Laboratory;
UCRL-52853. pt. 4: 1982.a-

Robison. W. L.: \lount. M. E.: Phillips. \V. A.: Stuart. M. L.:
Thompson. S. E.: Conrado. C. L.: Stoker. A. C. An updated
radiological dose assessment of Bikini and Eneu Islands at
Bikini Atoll. Livermore. C.% Lawrence Livermore Nationaf

Laboratory: UCRL-53225: 1982b.

Robison. W. L.: Sun. C. The use of comparmve ‘‘7CS body
burden estimates from emwcmmental data/mmfels and
whole body courmng to evaluate diet models for the
ingestion pathway. Health Phys. 73: 152–166: 1997.

Shinn, J. H.: Homan. D. H.: Robison. W. L. Resuspension
studies in the Marshall Mud-s. Health Phys. 73:248-257;
1997.

Simon. S. L.: Graham. G. C. Xauonwide Radiological Study,
Republic of the Marshall islands. summaq report. prepared
for the Cabine[ of the Government of the Republic of the
Republic of the Marshall Islands. 1994.

Simon. S. L.: Robison. W. L. A compilation of atomic weapons
test detonation data for U.S. Pacific Ocean tests. Health
Phys. 73:258 -2fN: 1997.

Spiers, F. W. Radioisotopes in the human body: Physical and
biological aspects. New York: Academic Press: 1968.

Stuart, M. L. Collection and processing of plant. animal and
soil samples from Bikini. Enewetak and Rongelap Atolls.
Livermore. CA: Lawrenee Livermore National Laboratory;
UCRL-ID- 120427:1995.

Tipton, W. J.; Meibaum. R .% An aerial radiological and
photographic sumey of eleven atolls and two islands within
the northern Marshall Islands. Las Vegas. NV: EG&G:
EGG-1183-1758: 1981.

United Nations Scientific Corrunmee on the Effects of Atomic
Radiation. Sources. effects and risks of ionizing radiation,
1993 report to the General .Assembly with annexes. New
York: United Nations: Uni[ed Nations sales publication
E.77. 1X.1; 1993.

United States Atomic Ener9 Committee. Enewetak radiolog-
ical survey. Washington. DC: United States Atomic Energy
Commission: NVO-140, vols. I-III: 1973.

Wong, K. M.: Jokela. T. A.: \oshkin. V. E. Radiochemical
procedures for analysis of Pu. Am. Cs. and Sr in water. soil.
sediments and biom samples. Livermore. CA: Lawrence
Livermore National Laborarow: UCRL-ID- 1I6497:1994.

■ ■



Paper

PAST AND PRESENT LEVELS OF SOME RADIONUCLIDES IN

FISH FROM BIKINI AND ENEWETAK ATOLLS

V. E. Noshkin.* W. L. Robison.* K. M. Wong.$ J. L. Btunk.* R J. E@e’ and H. E. Jones*

.~bsrracr-Bikini and Enewetak were the sites in the Northern
\larshaU islands that were used by the United States as testing
grounds for nuclear devices between 1946 and 1958. The
testing produced close-in fallout debris that was contaminated
with different radionuclides and which entered the aquatic
environment. The contaminated Iagaon sediments became a
reservoir and source term of manmade radionuclidm for the
resident marine organisms. This report contains a summary of
JII the at ailable data on the concentrations of 137CS.‘Co and
“’7Bi in flesh samples of reef and pelagic fish collected from
Bikini and Enewetak Atolls between 1964 and 1995. The
election of these three radionuclides for discussion is based on
the fact that these are the only radionuclides that have been
routinely- detected by gamma spectrometry in flesh samples
from afl fish for the last 20 y. Ffesh from fwh is an important
source of food in the MarshaUese diet. These radionuclides
along with the transumnic radionuclides and %r contribute
most of the small radiological dose fmm ingesting marine
foods. Some basic relationships among concentrations in dif-
ferent tissues and organs are discussed. The reef f~h can be
used as indicator species because their bodv burden is derived
from feeding, over a lifetime. within a relatively small contam-
inated area of the lagoon. Therefore, the emphasis of this
report is to use this extensive and unique concentration data
base to describe the effective half lives and cycling for the
radionuciides in the marine environments during the 31-Y
period between 1964 and 1995. The results from an analysis of
the radionuclide concentrations in the flesh samples indicate
the rermmal rates for the 3 radionuclides are significantly
differenL 137CS is removed from the lagoons with an effective
half life of 9-12 y. Little ‘Co is mobilized to the water column
so that it is depleted in both en$lronment.& primarily through
radioacril e decay. The propetiies of ‘Bi are different at
Enewetak and Bikini. At Enewetak the radionuclide is lost
from the environment with an effective half live of 5.1 y. At
Bikini only radioactive decay can account for the rate at which
the radionuclide is lost from the lagoon. The difference in the
binding properties of the sedimentary materials for 207Bi
among the two Atolls is not understood.
Health Phys. 73(1):49-65: 1997
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INTRODUCTION

ENEWETAK ATOLL. located at about 11°21 ‘N, 162°21 ‘E, is
the northwestern-most atoll in the Western (Ralik) chain
of the Marshall Islands. The atoll originally consisted of
a ring of 42 (39 remaining) low islands arranged on a
roughly elliptical shaped reef. 40.2 by 32.2 km, with the
elongated axis in the northwesterly direction. The atoll
was one of the two sites in the northern Marshall Islands
that was used by the United States as testing grounds for
nuclear devices. At Enewetak. 19 of the 43 tests were
made from barges anchored in the lagoon. The remaining
tests included 2 air drops. 2 underwater tests, 7 ground
surface tests and 13 tests with devices fixed to towers.
Bikini Atoll, approximately 305 km east of Enewetak,
was the first U.S. nuclear test site in the Pacific. It is
located at 11°36’h’. 165”Z!’E and consists of 23 coral
islands surrounding a lagoon 35 km long, 21 km wide,
and 630 km~ in area. Most of the 23 tests conducted at
Bikini were detonated on barges anchored in the lagoon
or on the reef. Two tests were air drops, one was
underwater. and three were ground surface explosions.
Figures showing the Marshallese and U.S. names as-
signed during the testing program and locations of the
islands at Enewetak Atoll and Bikini Atoll appear in

‘ other articles of this volume t>oshkin and Robison 1997;
Robison et al. 1997),

The U.S.’moratorium began on 31 October 1958,
and marked the end of all nuclear testing at the atolls.
The testing produced close-in fallout debris that was
contaminated with different radionuclides and which
entered the aquatic environment of the atolls. In the years
that followed. the components associated with the lagoon
sediments provided a resemoir and source term of
manmade radionuciides for the resident marine organ-
isms. These radionuciides are now remobilized. resus-
pended. assimilated. and transferred continuously within
the Atoll environment by ph}wcal. chemical. and biolog-
ical processes. Some of these processes at the atolls are
discussed in McMurtry et al. ( 1985): Nelson and Noshkin
( 1973): Noshkin et al. ( 19741: Noshkin et al. ( 1975):
Noshkin and Wong ( 1980): Schell et al. ( 1980): Schell
( 1987): and Spies et al. ( 1981 ). Of importance is the fact
that the persistent tictivities are accumulated to different
levels by indigenous terrestrial and aquatic plants and
organisms that may be used M rood by people. Uptake of
different radionuclides by fishes can be directly from
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soluble species released to the water and from ingested
material passing through the gut fNoshkin et al. 1987).

The first major aquatic survey that developed quan-
titative data for different radionuclides in tish from
Ene\vetak and Bikini was conducted during 1964.6 y
after the moratorium (Welander et id. 1967: Welander
1969). Samples of fish were again collected by others at
Bikini during 1969. 1970. 1972. 197A. 1975. 1976 and

1977 (Held 197 l; Lynch et al. 1975: Schell et it]. 1978:

Nelson 1977 ) an(j at Enewetak in ] 97Q–73 (Nelson ~tj

Nositliin 1973). Following the radiological aquatic sur-
vey at Ene\vetak in 1973 (Nelson and Noshkin 1973}. a
more detailed long term study wits initiated to assess the
behavior and fate of specific radionuclides in the aquatic
environment. These studies were extended to Bikini
Atoll in 1975. As part of this work a variety of fish was
collected between 1975 and 1984 from the atolls for
radionuclide analysis. Several reasons prompted these
collections and the subsequent radiological analysis. The
ultimate objective for obtaining radiological information
was to use the data in estimating any potential radiolog-
icfilconsequences to individuals from ingestion of’indig-
enous mm-ine foods. Hence. a major effort was devoted to
dissections and analysis of the edible muscle tissue trom
a wu-ietv of fish. Other studies were made 10evaluate the
variability of radionuclides in families of fish: to define
the major tissues or organs where radionuclides \vere
concentrated by fish; and to develop concentration fac-
tors and relationships to assess the effective half time for
some of the long-lived radionuclides using the resident
non-migratory reef fish as indicators of environmental
change.

The data generated from this effort showed that the
radiological dose from manmade radionuciides in the
marine food chain contribute less than 0.170 of the total
30-y integral dose equivalent at both Atolls (Robison
1973: Robison et al. 1987; Robison et al. 1997). The
ingestion dose was derived principally from 3 gamma
emitting radionuclides. ~~~$~i+~~~o and ‘07Bi: the trwt-
suriulic radionuclides. . Pu. ‘4 1,Am: and “’Sr.
The largest contributor to the total marine dose was the
lXTCSaccumulated in the edible flesh. The transuranic
radionuclides and ‘OSr contributed little to the total dose
from ingestion of marine foods. This collection progr~
was phased out in 1985, but fish samples were agan
collected in the 1990’s to verify the results of the orig]nal
assessments and to determine what. if any. changes
occurred in the concentrations of gamma emitting radio-
nuclides and the transuranics in muscle tissues. Re-
sources only permitted analysis of muscle tissue in these
later samples. However. with these new data and results
from earlier studies. a valuable data base was avuilable
tor radionuciides in the tlesh of different fish that span
the 3 l-y period from 1964 to 1995. Some reef fish can be
used as indicator species because their body burden ]~
derived from feeding. over a lifetime. within a relatliel>
small are~ containing the contamination. Decreuse In
radionuclicie concentration in tlesh can be used to es~l-
mate the effective decay constant and half-lives. The
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effective half life takes into account loss by physical
decav and recycling mechanisms that reduce the avail-
able ~nventory of radionuclides to marine organisms. The
general mathematical form of the e.xponenual expression
for the change over ttme in the amount of a radionuclide.
using a indicator organism. can be iound in \oshkin et al.
(1975).

The 1964 and all subsequent data were generated by
gamma spectrometry with Nat (Tl ) crystals and different
solid state Ge(Li ) detectors and h} radiochemical sepa-
rations and using detection systems appropriate for the
determination of specific radionuclides. Many fission
products, activation products, and the transuranium ele-
ments were identified and measured in parts of fish.
However, only 3 gamma emitting radionuclides, ‘37(2s,
‘co, 207Bi were measurable in flesh samples by gamma
spectrometry over the 3 i-y period. h~ost results for these
radionuclides from our studies between 1974 and the
present have not preciously appeared in the literature.
The transuranic radionuclides also persist in fish tissues
but plutonium-americium results have been discussed in
several other publications (Noshkin et al. 1981a: Noshkin
et al. 1987: Noshkin el al. 1988; ScheIl et al. 1978; Schell
1987). There is also a summary of plutonium results in
fish from Enewetak Atoll appearing in Noshkin and
Robison ( 1997). Other radionuclides such as ‘Sr, 55Fe,
and WC may be present in specific tissues of fish but
were found at concentrations so low that they contributed
very little to the estimated dose and therefore were not
measured in most samples on a regular basis. Naturally
occurring radionuclides were also deterrruned in many
samples but are not discussed in this repon.

This report summarizes both our data and those
from other sources on the 3 r@or gamma emitting
radionuclides in the flesh of reef and pelagic species of
fish. Some basic relationships among concentrations in
different tissues and organs will be presented. The
concentrations measured in the flesh of several non-
migratory reef s ecies are used to estimate the effective
ha]f ]lve~ for [}~Co ]~c. and Z[JBi dunnc the ~l-y--
period between 196: and 1-995.

SAMPLING AND PROCESSING FISH

Most fish collections on the reef at the Atolls were
made using throw nets with assistance from Marshallese
fishermen or with gill nets (Welander et al. 1967: Schell
et al. 1978). Gill nets uere not used after 1972. and reef
fishing for our prosy-am was done exclusively with throw
nets. Reef’ species are relatively abundant. easy to catch.
and are therefore on ]mportan[ food source for the
Llarshallese. The fish i! ere caughl on the reef when and
~vhere thev were sighted m the surf. Thereiore. fish may
be collec;ed from different regions of an Island in any
given year. Variability In radionuc]ide concentration can
then be expected m a t’unction oi geographical location
even on the same island. However. this ““catch when
available’” method of fishing probably best mimics the
manner by which these martne fwds are derived by the
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Marshallese for consumption. Noshkin and Robison
t 1997) show what the effects of different fishing loca-
uons ha~e on the concentration of 137CSaccumulaa in
the flesh ot surgeonfish from Runit Island of Enewetak
Atoll. The other category of fish include larger resident
and mi=mIOry predator species that were usually more
difficult [o catch with sport fishing gear while trolling in
[he lagoon.

Exceut for the larger fish it was usual to bulk flesh
md spec~tic tissues and organs separated from the
species collected from an island on any given day. The
samples were homogenized. dried (or ashed) and trans-
ferred to suitable containers for analysis on gamma
spectrometers. A number of samples were then selected
for mdiochemical analysis of different beta or alpha
emitting radionuclides. The common and scientific
names for the fish that were eventually processed to
determme radionuclides only in muscle tissue are shown
in Tables 1 and 2 \vith the sampling locations and a cross

reference island locator ID number that is used through-
ou-t this report. The concentrauons of 13’Cs. ‘Co. and
‘o’Bi deterrmned in flesh tissue of fish from Enewetak
and Bikini appear in the appendices and represent the
results in over 300 samples from 4.470 fish. All results
we decay corrected to date ot’ sample collection. A
cursory examination of the appendices reveals that con-
centmttons in flesh vary with spemes. overtime. and with
geographical location in each .ltoll. Compositing the
tissues t’rom the same species masked any differences in
concentration related to weight tsize or age) or sex.

Tables I and 2 and the Appendices A and B show
that 3 reef species. surgeonfish (2nd trophic level).
mullet (2nd trophic level). and goatfish (3rd trophic
level ). are represented in mos[ collections. Obviously.
then. these reef fish are easily caught but they are also
preferred in the Marshailese dieL Mullet and goatfish
were often caught in the sam net cast at an island
indicating that both species move and feed together. A

Table 1. Fishing sites M Bikini Atoll since 1964 whert muscle ~issue was separated for analysis from the

<Pecles indicated.

[stand 3farshallese AUg’ Mayb May’ Nov” Deed”’ Apt JuI” Jz. OCIJ No\’ Sep’ Fcb’ Jua Aug’ Sepf Dec NOV

ID Yarne i 964 1970 197? 1972 1974 1975 1976 IIT” I 977 I 978 [980 [981 19Q 1983 1984 1992 1994

B-1 sam .U.n.s,lg E sn u cr.n.sn c7.n n cr.n,g, s cr
B.?

cr.n,s.g g.u.rr g.cr.n.s c,n

lrol] Cr

B-3 Odrik bo,grj,s,r,w

B-5 +omen g,n,p.q,s - cr.n.s,g cr.s,g.p c cr.s g,n.s g.p

B-6 %kmi sn p.s,n W cr,gsn cr.n n g cr,g g,cr.s g.s

B-9 t%dO sn

B-10 Ro!kere E n s.~
B-12 hfXl da,gr,n,s p,r.s gf.P Cr n.s,g s.g n.g
B-1 3 +mokoj Cr cr.s.g

B-15 Lele I ?2
B-16 Eneman
9-17 Enrdrik n.p.s, u 0 cr.n,g,p s n

B-21 Oroken

9-22 Bokee[okmk u

B-23 Elorkdrlul y.sn.s.t n.s n.g
lagwn m ra.bo m.s \ s.bo.ba. m.u sn]. m m sn.bo

‘ Welander eI id. ( 1967)

‘Held (1971)
‘ Lynch el al. (1975)
‘ Shell el oi. (1978)
CNelson 11977)
‘ Noshkm e[ d. ( 1988)

s ba = b~cuda (Sphwaems sp. )

bo = bomto (Eufh.vnrws trfinus)
cr = mullet (Crenimu,eil crendabis)

da = damselfish (Abudefduf blocellams I
~ = ~ollfish (Mulloidchrhvs smroenws)

g = grouper (Epinephe(us merra)
I = tack I Caranx sp. )

I = lad} rish (Albtda wdpes )

m = msckere I (Gramrnarorcvrrux bii/ineaIusJ
“ = ~ujjeI (~eomv.rus chapfalji)

p = pmoIirsh IScaru$ wrddus)
q = qutintish (S. ,sancrf-perrf t
~ = ralnfiw ~nner (E//a ga//.s blpfnnularm)

~ = Contlc[ surgeon (Acanrhunts mrsregus)

m = smmper {Lu:pzus bohur~

[ = tng:errish (Rhmeucanrmts rucmn,eu~usl

tn = mm IGymnosardu nudu I
“ = uiu~ {CararLr me(anpveus I

w = w~~se IHa/ich{)eres Jnmacularus )
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Table 2. Fishing sites at Enewe:A. Atoll since 1964 where muscle [Issue WaS separated (or analysis from the
species indicated.

[sland Akirshallese Auga SOI” ,Ay-liav Jun hlar Nm Sepl Jui} June .Aug Serx Nov Feb No\ May
[D name I 9M lg-~ [~-rl 1977 1978 197s I 980 Ioy] 19x~ 19s7 19.S I 993 1994 1994 1995

E-2
E5
E.9
E.lo
~.]q
E.20
E-:-l

E-3;

E-35
E-37
E-38
E-39
E-$3
E45

Bokomb~ko bu.da.gr.sn.sq. s.t, w’
Boknwornse gr.n.p.s.t
Boken
Eqebl gr,j.cr.p.s.t
.Aornon
B!jile
Runu g,h.s
Japean
\lccircn

Enewetak
I kuren gr,s
Mut
Btken g.gr.j
Drekaumon

cr.sn
cr. o

cr.o.sn. u

y.p. ur.u

F
\n. u

gr.p.sn.u
<n

F
cr.v

LT.\ g.n.s g.cr.u

cr g.cr.>
3 n g,p,s m :.gr.u. n.sn.s.tbo. e.u :.s t[.g. pas g.s g.s

:.. n \ bo.cr \

E
n.. cr. s g.cr. n.p. sn.s g.n. s n.s baxr.n.sn.s g,s n.s ft.g.p,s g.cr.n.s

g.cr. s

cr, s s
. Cr

cr
bzm,u mu m.u

* W’eiander e[ al. ( 1967)
“ Nelson and Noshkin ( 1973)
‘ ba = barracuda (Sphyrucrra VI I

k = boni[o (Eurhwurus atfinu.$ I
bu = butterflyfish (ChucrodoII uurlea I

cr = mullet (Crenurruri/ cren{mim I
LAI = dismseltish [Abudefdd moctuanu I
II = tlagtall (Kuhlla raenfuru I

g = goattish (Muffoidchrhw .samoenstsI
y = grouper (Epinephe/u.t merra t
h = halt%eak (Hemirhumpha.t /arIceps I
~ = jack (Caram .re.t~a$cmru.~~

m = mackeml (Grammatorr\ nus bilineanu I

n = mullet (Neomvxu.r chapruht I
p = p~otilsh (ScUrus srvdtdus I
~ = convict surgeon (Acarrtharus rrurslemu I

srr = snapper (LurJanu.v bohart
t = [nggeti]sh (Ritineacan[hu.$ rucrarr@us I

m = tuna (Thurrnus alhacarc.~ I
~ = ulua (Caramr mefanpyru.~ I

brief description of the feeding habits can be found
elsewhere in this volume (Noshkin and Robison 1997).
The feeding habits and trophic level assignments of the
remainmg reef and pelagic fish shown in Tables I and 2
md in the Appendices can be found elsev”nere (Hiatt and
Strasburg 1965; Noshkin ct al. 1988: U“elander et al.
1967).

RESULTS AND DISCUSSION

Radionuciides detected in parts of different fish
from the atolls

In the 1964 study. sodium Iodide detectors were
used ~vith multichannel analyzers for non-destructive
analysis of the different samples. Spectrum stripping
methods were used to detetmine the leiels O! several
ylmma emjt[jng radionuclides accumulated by different
~ish (W”elander et al. 1967). Chemlczl separations were
used to isolate other beta and ulpha em]tting radionu-
ciides from the samples. Data u“ere g-eneruted for the
mrnma emitti~: radionuciides “\ln. “CO. “’’CO, bsZn,
7LmRu.‘25Sb. Cs and 207Bi tand na[uml “’K). Radio-
cnemical separations provided in forrmmon on ‘~Fe (de-
~~y by EC) 9USr.239+240pu and ‘“2 ‘Rh ,n the fish, The
presence of lUCe. 15SEUand 1!(’ ‘T’.+:was verified in

some samples. 207Bi had been previously reported in
environmental samples from the atolls (Lowman and
Palumbo 1962). but it was during this survey that the first
determination of the radioisotope was made in fish
samples. 1[ was present in fish from Enjebi Island,
Enewetak ,-ltoll, in concentrations far exceeding those at
other islands of either atoll (Welander et al. 1967). At this
time 1‘Ru and ]25Sb were below detection limits in
muscle tissue of all fish from Bikini and the photopeak
from ‘JMn was no[ evident in any flesh samples from
Enewetak. Of the remaining ~o~ma emitting radionu-
clides only ‘37CS. ‘i’Co and - Bi were detected with
regularity.

Samples of fish were again collected by others
during sampling pro=mms at Bikini in 1969.1970.1972.
1974.1975. 1976 and 1977 (Held 1971: Lynch et al.
1975: Neison 1977: Schell 1978) and at Enewetak in
1972–1973 (Nelson and Noshksn 1973). Samples from
this latter suwey [and from the 72, 7-$. 75 76 and 77
Bikini suneys ) uere eventually dried arsd/or ashed and
onalyzed non-destmcuvelv on Ge( Li ) detectors at differ-
ent laboratories. For mese latter programs [t was possible
to resol\c. without the spectral interference common to
NaI. [he concentrations of any gamma emitting radionu-
clides present in the somples that exceeded detection
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~il~tts. Bv 1974 the radionuclides ‘lIn. “CO. ‘UCe.
/4s. 45Zr and ‘WRUhad sufficiently decayed so that

they were only occasionally found in viscera. hver or gut
content samples from specific fish. Vlth the improved
Ge(Li) detection systems. the gamma emlttin~ rxiionu-
clides ‘:’.Am. ‘OIRh. ‘3JCS. ‘°K‘Ag. and jfc”13JEu were
Identified in parts of some fish along with ‘°K. “’)CO.
“’~mRh. l~ssb, 137C5, 155Eu and ‘07Bi previous]~ found

I !he 1964 sampies (Welander et al. 1967). We; chem-
. ~i separation methods were,~~ed with beta-alpha cietec-

i Ion instruments to measure - Pu and ‘3~Pu in addition
[{~“)Sr. ~5Fe, 63Ni. and 239+2d(’Pu. ilass s~ectrometry
wm used to determine levels of ‘39Pu and ‘~ ?% m parts
of some of the fish (Noshkin 1980). Jre identified and
quantified levels of WC, ‘42”2UCm and i‘3 ‘Cd 1Nosh-
kin et al. 1981b) in species of fish coilected during the
late 1970’s. Concentrations of ‘J2”2uCm and qc in
flesh were a few percent of the respective ’39-‘%%
concentration. The detection of ‘q2Cm (f]~ = 163 d)in
environmental samples. 20 y after the end of testing,
must indicate the presence of the parent radionuclide,
‘JcmAm. m the environment.

By 1974. only the gamma emitting radionuclides,
““Co and ‘37CS, were evident in the majority o? muscle
[issue samples from reef and pelagic species. ‘O;Bi was

poorly concentrated or below detection iimits in muscle
from most reef fish except the goatfish. parrotfisn. and
the larger pelagic species from the lagoon (see .+~#en-
dices). By the late 1970’s to the early 1980”s, only “ EtI{
108‘Ag. ]02 ‘Rh were the onlv other gamma emitmrs. in
~ddition to ‘Co, 137CSand 20’Bi. above detection iimits
in separated samples of viscera. liver. or gut content
(Noshkin et al. 1988; Schell et al. 1978). Isotopes from
this former group of radionuclides were never in concen-
trations above detection limits in large samples of flesh
bulked for analysis by gamma spectrometry. In collec-
tions made during the 1990’s. only the flesh was se a-

?rated from fish and anal yzed. At both atolls 70 Bi
remained below detection limits In muscie tissue from all
reef fish except goatfish. Levels of 137CSdiminished to
detection limits in mullet and goatfish at many islands,
and ‘Co was found everywhere low in concentmuon or
below our limit of detection.

Tissue and organ concentrations of 207Bi, 60Co. and
137CSand geographical relationships

The larger migratory pelagic species cannot “beused
as indicators for changes in the a~ailability Jf the
radionuclides over time. The most useful data to assess
the temporal change in concentration is from reef species
that ~vere repeatedly sampled over time from the same
general locations at the Atolls. Therefore. this discussion
will be limited to an assessment of the concentrauons in
3 common reef species-mullet. surgeonrish. and goat-
fish-but the appendices can be referenced for le,els in
the flesh of the other species of fish. Representative
whole tish concentrations for ‘37CS. “ Co. and ‘“-Bi in
mullet. surgeonfish. and goatfish from 1978 are recon-
structed from tissue and organ concentration data md the

percentages of the respective tissues to whole body
weight (Noshkin et al. 1987). Results are shown in Table
3 and are used to compute the percent of the whole body
activity associated with the t]ssues shown. The concen-
trations determined in the ~iscera samples are regrettably
less descriptive than those tor the other tissues because of
the matrix of organs und tissues represented. These
include large and smull intesunes with contents. stomach
wall. spleen. kidney and mesenteries. The radionuclide
concentration of the viscera could often vary with the
amount of material in the intestines that ofien contained
quantities of bottom sediment (especially the mullet)
labeled with the radionuclide.

Concentrations ot’ 137CS111,Z=30.1 yl in flesh and
viscera of fish are comparable but because of the larger
mass. most of the radionuclide accumulated by fish is
found associated with the edible flesh: the lowest per-
centages are associated with bone and liver. Concentra-
tions in the flesh of the three species are approximately
equivalent to the concentration in the reconstructed
tvhoie body. However. concentrations associated with
surgeonfish tsee Appendices J ~vere alwas’s -=eater than
levels in flesh of goatfish and generally exctwded or were
equivalent to the levels in muilet collected at the same
time from different islands of the Atolls. T%esurgeordish
are the better environmental indicators for ‘37Cs levels.
At Bikini. higher concentrations of 137Cs were generally
found in flesh of reef fish from the northwest quadrant of
the atoll (B- 1 to B-5), and the lowest levels were
associated with reef species from the eastern reef. At
Enewetak. generally higher concentrations were mea-
sured in the reef fish from the northern half of the atoll
(E2-E-24) and lowest levels were found associated with
reef species from the southeastern and southern reef of
the atoll.

In 1982. ocean iish fille[s purchased from stores in
the Chicago area of the Lnj[ed s=. con[ajned
0.85z0.07 Bq kg-i of 137CSderived from global fallout
(Karthunen 1982). The appendices show that after 1978
the mean concentrations of 137CSin reef fish from islands
B-10 to B-23 at Bikini and from E-33 to E-38 at
Enewetak were comparable to the fallout ievels in the
U.S. store-purchased fish.

Between 1958 (the end of testing) and 1994, ‘Co
levels in the environments decreased by a factor of 30
from radioactive decay alone Lrl,z = 5.26 ) j. However,
measurable concentrations are still found in fish coi-
lected during the 1990’s. From 20 to 50% of the body
burden of ‘Co is present in the muscle tissue with most
of the remainder distributed among the liver. skin. and
viscera. Unlike 137CS.concemmuons of ‘Coin the flesh
of mullet and goatfish were consistently higher than
levels in surgeontlsh simultaneously caught at the same
islands. Therefore. the goattish and mullet are better
environmental indicator species for changes in ‘Co
concentrations in the lagoon environment. The levels of
““Co in the flesh of the reef fish from different regions of
the atolls vw ]n the same manner as 137CSand generally
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Table 3. Concenmmons In tsssues and perceru of whole body concentration for 3 reef specses.

Gut Reconstructed”
MUSCICJ Bone” skin’ LweF Viscera’ contents”

Manu Common Bq Bq Bq

whole fish

Bq Bq Bq coneemramm \l~~le/whole fish

Iocamr . name k: ‘ ‘i’ h:-’ ~’ kg ‘ ‘c< kg-’ ‘.< kg-’ ‘c’ kg ‘ ‘1’ Bq k; :Cllvllv Iarso

‘‘-c>
B-l
E-\O
B4
E-2:
B- I
E-2

‘co
B- I
E-l ()
B-10

E-2
B-1
E-10

207B,

B- I
E-24
B-6
E-24
B.]-

E-10

Mulletd 1.$.7 67 0.9 0.5 82 9 13.6 1,0 ]5.3 13 22.0 1,2 12.9

%lullet 7.8 38 1.1 0.6 10. ] 12 3.7 0.3 36.0 33 43.5 2.6 119

Surgeontish ~,~ 67 0.? 0.2 10.5 20 3.5 0.4 5.5 6 58 07 61

Surgeonfish 14.4 72 0.7 0.5 13.3 12 4.6 0.2 15,8 8 21.5 I I ]~~

Goatfish 5.5 74 2.5 : 4.1 10 .$.0 0.3 4.0 5 5.1 0.1 49

Goattish I .5 7.5 l), 1 0.9 1.0 8 0.9 0,3 1.8 9 2.1 0,1 13

MUM 33.2 39 32.6 44 72.7 20 742.1 13 69.0 15 17.7 0,2 50~
\lullel 1.3 17 4.6 7 -I 9.6 32 81,4 17 6.5 17 4.0 0.6 1>

Surgeontish 1.0 36 1.3 6.1 2.8 19 29.9 12 4.4 17 9.4 3.8
,-

Surgeontish 3.0 50 3.3 6.4 8.3 24 39.2 6.7 1.9 3 25,2 4.3 .$1

Goadish ~].~ 33 17.8 3.3 6].8 17 951.1 9 207.3 31 133.6 0,2 43.2

Goatfish 13.2 29 5.4 I.-t 36.2 14 306.4 4,2 2C0. I 44 45.3 0.1 29E

Mullet 0.1 18 0.1 2.1 0.1 4 4.3 8.1 2.0 45 4.6 6.7 0.5
Mullet 0.0 I 0.2 0.5 0.1 f) 2.5 0.9 15.5 66 37,2 10,1 26

Surgeon fish 0.0 l-l 0.1 9.2 0.1 l-l 3.8 23 0.5 30 0.7 4.3 iJl

Surgeonfish 00 5,6 ().3 5.6 ().1 4 19.9 36 2,2 36 3.4 6.2 () :

Goa(fssh S.1 67 44 44 9.0 13 26.0 1.3 9.1 7 2.9 0,0 ~ ()

Goatfish 241.9 71 65.6 2.? 173,(1 9 276.4 0.5 354.2 IO 45.3 0,() ~~~ g

1.14

0.65
1.01
I .09
1.11
1,13

mea = 1.03 :0.12

0.65
0.30
0.55
0.75
0.49
0.44

m? = 0.53 z 0.12

0.30
0.02
o,~l

0.08
I .00
I .08

mean mullel & surgconfish = 0.15 30.11
mean goatfk = I .0-4 Z O.&t

‘ Muscle, sksn. bone. liver. viscera and guI contents account for 93-95% of total fish weight.

‘Bq kg- whole fish = [1 (Bq kg i wet rsssue) X (9o tissue O( whole body WI)] X (~ % I1ssue of whole bwiv ‘aII -1
c Perccnl of total body actlvlly m respective sissue or organ,
d Mullel = Crenimugll crendabis.

reflec[ the differences found in the distribution of activ-
ities umciated with lagoon sediments.

31OSIstriking were the differences found for 207Bi
(rtC = 32.2 y) among the tissues of the reef species. In
muk[ and surgeonfkh, ‘07Bi was usually below detec-
tion iimits by gamma spectrometry in many parts sepa-
rated from the fish. The radionuclide was consistently
detec:ed in the muscle and other organs of goatfish and
the peiagic lagoon fish. About 70% of the whole body
activl!y of 20’Bi in goatftsh is associated with flesh
wherms less than 20% (when detected) is found in the
flesh of mullet and surgeonfish. Highest levels were
cons]stentl~ found in flesh of goatfish collected on the
reef of Etqebi Mand (E-10), Enewetak Atoll. Levels in
compwable species from islands of Enewetak Atoll
generaiiv exceeded concentrations at Bikini Atoll. Goat-
fish=~e clearly the better indicator among different fish
for ‘- Bi leveis ]n the lagoon environment.

Pre}ious estimates of the effective half-life of ‘37CS*
‘Co. and 207Bi using reef fish concentration data

Radiologici dose assessments for the marine food
chatn irom inges[ion of marine food have been made
assunung that me time necessary to reduce the concen-
trations m the rood (and the ent’lronment ) by a factor of
two i> related only to the radioact]~e half-life of a
rad]ocuclide. Clearly, if other processes are operating in
the e~~’lronmentthat reduced the availability or a radio-

nuclide. the dose received by individuals over time
would be less. The concentrations in flesh from the reef
fish are used to describe the change in the activity levels
of 137CS,‘Co, and 207Bi in the environment over a 30-y
period of time.

There have been other attempts to model the
changes in environmental concentrauons using radiolog-
ical data retained in fish parts. Dunn: the 1972–1973
radiological survey of Enewetak. Selson and Noshkin
(1973) compared the activity levels in 5 samples of
viscera from surgeonfish with those in samples from fish
collected at the same islands of the atoll in 1964. The
average fraction of boCo and ‘07Bi found in 1972 viscera
was 0.1130.04 and 0.32=0. 19. respectively, of the
amounts measured in 1964. The effective half lives
computed from these data were 2.6=0.9 y for ‘Co and
5.0t3.O y for ~07Bi.

ScheIl ( 1987) used concentration data in the viscera
of mullet fNeomvxus chapmiii ) coliected at Nam (B-l)
Island, Bikini Atoll. between i9&l and 19’77to assess the
combined effect of phys]cai deca} and removal by
lagoon processes. The vaiue of the slope from a least
square fit of the natural log (in I of the respective
concentration with time [l-n) ears ~.}ielded effective half
lives for 137CS,~’Co. and ‘“ Bi of 4.1 =0,5. 3.0~0.4. and
6.3x 1.7 y, respectively. The values For ‘Co and 207Bi
are in generally good agreement w’Ith the values deter-
mined at Enewetak and tend to inciscate that, over the
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urne period. the decline of these radionuclides within the
lagoons was more rapid than radioactive decay alone.

Effective half-life of ‘37CS, ‘Co, and 207Bi using
concentration data in flesh of reef species

The data in the Appendices were treated in several
manners. Only measurable ruiionuclide concentrations
1,1Ith less than 100?c counting emor for mullet. convict
.,lg~onfish, and goatfish were considered. NO error was

.iuoted for the measurements associated with the 1964
collections (Welander et al. 1967). A 107o error was
~rbitrarily assigned [Oeach re
out background levels of

,,~~ed concenwation. Fa]l.
Cs were estimated in the

flesh from values in species from other Northern Mar-
shall Atolls (Noshkin et al. 1987), concentration factors.
and equatorial water concentrations determined over
time. These values ranged from 0.3 to 0.9 Bq kg-1 and
varied with the species over time of collection. All 137CS
data were corrected before plotting the results to estimate
the effective decay constants. When sufficient measure-
ments of a radionuclide were available for fish from one
island. the data were plotted on a semilog graph (using a
~preadsheet program). essentially in the manner used by
Schell ( 1987), to determine the decay constant using a
Icast square fitting tLSF) procedure. All applicable data

points from the collections made between 19M and 1995
were used to generate the curves. An example is shown
in Nosttkin and Robison ( 1997) where the lnCs leveIs in
the flesh of convict surgeonfish from North Runit Island.
Enewetak .\toll. are plotted against the date of collection.
.+ Ieas[ square fit to the data yields a slope (A) with a
value of O.1O4*O.O12 y–’. The error term is the uncer-
tainty in the estimation of the slope. The computed
effective decay constant (A) consists of a physical (~)
and environmental (ecological = A,) decay constant. The
effective and ecological half-lives (tlc. fin,) can be
computed. The latter half-life requires use of the physical
half-lives for the radionuclides that were provided in a
previous section and given again in Table 4. This
procedure was followed at several other islands where
there was sufficient long term data for a specific radio-
nuclide. The computer generated results are shown in
Table 4.

There ~rere clearly differences in radionuclide con-
centration measured in the same species collected from
different parts of the Atolls during any one period and
over time. It was therefore impossible to construct a
single plot. for example. to show all *37CSconcentrations
in surgeonfish at Enewetak over time. It was, however,
possible to normalize concentrations to a value in the

Table 4. Effective and ecological decay constants and Mf-lives of ‘‘7CS, ‘)CO and 207Bi determined from
concentrations in flesh of fish from locations wilhin Enew etak and Bikini Atolls. The error IS the uncertainly io the
estimation of the value for the constants.

Data Radiologlca

Locatson Data used points lsorope haff-life {) A (y-’]” IV-Z” (YJ A c (y-’)b l,z~ [y)

Enewetak Atoll
E-24
E-10

E-2
E-2, -1 O.-24
AI] Ioca[mm

E-24
E-24

E-10
E-2
AI] locations

E-24
E-10
All hxatiom
Bikini Atoll
B-1

B-5
B-6
All Iocarsom

B-1
B-1
All lomtlon.
B- I
B- I
All location.
B-1
/s11 IOcarzons

Surgeontish
Surgeon!ish
Surgeonfish

Surgeonfish
.AII reef fish

Surgeonrish
Goattish
Goattish
Surgeonfish
All reef fish

Goatftsh
Goa[fish
Goatfish

Surgeonfish
Surgeoniish

Surgeonfish
Surgeonfish
AII reef fish
.All reef fish
All reef fish
Ail reef fish
.+11 ree~ rish
All reei fish
Goattish
Goa[rish

t3
9
-1

Z(jc
~gc

7
6
6
4

y&

7

8
2&

I37~5
I37~5
I37CS
“7CS
‘77CS
“co
“co
“co
“co
‘co
207J31
207Bj
207B1

137C5

‘3’CS
I37C5

‘3’CS
137CS

‘37CS
137CS

“co
M‘co
“co
x)l~j
207~j

3000
3000
30.00

30.00
30.00

5,26
5.26
5,26

5.26
5.26

32.20
32.2o
32.20

30.00
3000
30.00
30.00
30.00
30.00
30.00
5,26
5,26
5,26

32.20
32.20

0.104 t 0.012
0.063 t 0.01 I
0.044 z 0.024
0.069 t 0.010
0.060 T 0010

0.195 t 0,02.2
0.147 z 0.067
0.143 z o.02-
0.190 f O.o1o
0.173 z 0.024
0.093 z 0.018

0.208 z 0.068
0.136 z 0,022

0.103: 0.CM7

0.06420017
0.034 z 0.024

0.073 = 0.022
0.097 = 0.022
0.126 z O.O.U
0.079 z 0015
0.151 z o.02-
0.230 z LJ.039
0.131 z 001:
0.025 = 9.IXM
0.023 = 0009

6,7 t 0.7
11.ot 1.9
15.8 z 8.6

10.03 I.-4

11.6= 1.9
3.6 ~ 0.4
4.722.1
4.8 z 0.9

3.6 z 0.?
4,030.6

7.4 t 1.4

3.3* 1.1
5.1 t 0.9

6.7 Y 3.1

15.6 z 4.1
202 14

9.522.9

7.1217

5.5 t 1.5
8.8317
4.6308

3.0 t 0.5
5.3 z 0.5
2s z 1(1
302 12

0.081 I 0.012
O.wo 30.011
0.021 :0.024
0.04610.0 I o

().037 = O,o1o
0.062:0.022
0.015 = 0.067
0.0 I I t 0,027
().058 10.010

0.04 I 30.024
0.071 z 0.018
(), 18620.068

0.114 z 0.025

0,080 z 0.047

O.CMI :0.017

0.011 z 0.024
0050 z 0.022
0,074:0.023
0.10.3 = 0.034
() 056 z 0,015
() 019 z 0.027
() 098 z 0.039
00CU z 0,013
().00.? z 0.009
0.001 30.009

8.6 = 1.3
17.3 E 4.8

33 z 38

15.1 =3.3
18.7 =5.1

11.2 =4.0
46 = 205
63:155

12.0 =2. I
17:10

9.8 = 2.5

3.7 z 1.4
6.1 = 1.3

“ Effect[te occs} consuur[ und half-life.

‘ Ecological decay consmm and half-life.
‘ DaIa nor-nuhzed 10 8/83.
J Data nor-mauzea 10 7.17S
< Only dma oe!ueen 191Wand 1978 used for comparison with \L-b genera[ea USUI: fish viscera s~mples [Schell 1987)
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same species from an island measured on a common
collection date. Relative concentrauons could then be
plotted against time using measurements in all reef
species from one island or tor all species from the entire
Atoll. At Enewetak. a number of measurements for the 3
species from islands E-2. E-i O. and E-24 were made in
August i983. At Bikini. common collections were made
at B-1. B-5. B-6. B-12, and B-17 on November 1978. For
example. consider the data entries for 3’C0 in fish from
island B-1. abstracted from the Appendix. shown in
Table 5. Concentration measured in flesh of the different
fish during the November 1978 coilecuons are shown in
bold type. Goatfish data from all coltecuons was divided
by 6.70 Bq kg-’ to generate the set 01 relative concen-
tration values shown in column 6 of Table 5. Likewise.
the Mullet-C (Crenimugif crenifubis I. .Mullet-N (Neo-
myxus chaptaiii). and Surgeonflsh (Acanfhwus rrioste-
gus I measurements were divided by the respective con-
centmtion (shown in bold type) deterrruned in the species
collected in November 1978. The normalized values are
shown in column 6. and column 7 contains the standard
deviation computed for the ratio. This procedure was
followed with the tish data from otner islands. At
Enewetak concentrations were normalized to the values
from the August 1983 collecuons. The relative concen-
tration ratios were transferred to semilog plots and a LSF
procedure was applied to the data se[s to assess the
effective decay constants (A) and the uncertainty in the
estimated value of the constant. Plots tor relative (nor-
malized) concenmations of 1J7CS in all reef fish from
Bikini and Enewetak over time are showm in Figs. 1 and
2. A best fit to the results yields the trend line shown in
the figures and the computed effective decay constants.
Regression lines from a best fit to the normalized ‘Co
data in reef fish from the two Atolls are shown in Fig. 3.
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Fig. 1. Relative concentration of ‘37CS in flesh of reef fish from
Enewetak Atoll as a function of collection time. Concentration

data are normalized to values in fish from August 1983 collections.

Error bars represent the standard deviation computed for each ratio
from the I u error terms in Appendix A.

Fig. 4 shows the relative change for ‘0’Bi in goatlish (the
only reef species with consistently detected concentra-
tions in the flesh) from Enewetak. The computed decay
constants and the respectii’e half-lives from these analy-
ses and others (not shown with accompanying figures in
this report to conserve space) along with calculated
uncertainties are summat-$ed in Table 4. Values for
correlation coefficients (R- ) of the different regression
equations ranged from 0.5 to 0.9 showing moderate to
strong correlation among the results.

The effective decay constants were also computed
using fish data from 1964 to 1978 at Nam Island to
determine if the flesh concentrations provided compara-

Table 5. Dam from Append]x B for ‘x’coconcen~at]on In flesh of reef fish from Island B-!. Bikini Atoll.

Concentratwn
Error m % norrnaluuf to = Emor

Common Coliecuon Concenuauon of measured amount measured m relative
Island name sale Bq kg”’ wet concentrar30n In it/78 ratso

B-1 Goatfish \ta>--o 101.39 3

B-1
4.78 0.15

Goatfish %o\-78 21.l!Y 1
B-1

1.00
Goatfish

0.0 I
,Aue-83 6.70 4

B-l
0.32

Goatfish Dee-92
0.01

6.13 10
B-1

0.29 0.03
Mullet< JU1--6 12.33 7

B-1
0.37 0.03

\l131iet-c J~--- 11.24 ~

B-1
0.34 0.01

\lullet-C so\-:8 33.21“ I
B-l

1.00 0.01
\luliet-C Feba 1 g,l~ 3

B- I
0.25 0.01

Jlullet-C Aue-il 2.53 26
B-1

0.08 0.02
\lullet-N .Aue-&l 798.52 10

B-1
50.19 5.fM

\lullet-N IUI=-5 15.68 6
B-1

0.99 0.06
\lullet-N Jm--- 18.80 3

B-1
1.18 O.m

\lul}et-N ocr--- 13.12 7 0.82
B-1

006
Aluilel-N \()\. -. 15.9t” 1

B-1
1.00 0.01

\lu]let-N DN-Y2 O.JSJ 13
B-1

0.4I 0.05
Surgeontish AU:-* 67 6? 10

B-1
7.84 0.79

Surgeonfish ,K,,, .-. 8.63* 1
B-1

1.00 001
Surgeontk .Aus’-!: 1.24 6

B-1
0.14 0.01

Surgeonfisc .Aue->: 1.6-I 7
B- I

0.19 0.01
Surgeontish Dee-Y: I .s7 20 o,j~ 0.04

(
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Fig. 2. Relative concentration of ‘37CS in flesh of reef fish from

Bikln] Atoll as a funcuon of collection time. Concentration data is

not-rrdzed 10 values in fish from November 1978 collections.
Error bars represent the standard deviation computed for each ratio
trom the 1 u error terms in Appendix B.
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Fig. 3. Relative concentrations of ‘Co in flesh of reef llsh from
nom Enewetak and Bikini M a function of collection ume.
R:=gession lines showing best iit to change in concentration with
~: at each Atoll are shown. Emor bars represent the standard
Jewation computed for each ratio from the I u error terms in
.\pyndices A and B.

ble decay constants to the values derived from viscera
samples by Schell ( 1987) in his analysis. These values
we identified in Table 4 for 137CSand ‘CO.

Surgeonfish were the best indicator species for
~~-Cs. Results at Enewetak in Table 4 indicate that the
effective rate for 137CSremoval might be more rapid at
Runit (E-24). located on the eastern rim of the Atoll. than
~[ ~slmtdsE-2 and E-10 in the northwest part of the Atoll.
(l-It could argue that the physical form of material tvith
5ound 137CS IS different over areas of the lagoon and
~eie3se of the radionuclide occurs at different rates over

ume. However. the 3 values are within 2 sigma of the
mmn A (0.069z0.O 10) computed from the normalized
sur:eonflsh measurements from the three islands. This
later value was equivalent to the effective decay constant
usm: the normalized data from the 58 measurements in

0
0010

—

om~ —
19st ,s.3 1968 .!-l 1978 1983 19M !993 IWt

—Lhm*~~

Fig. 4. Relau\ e concentrauon of 207Bi in flesh or_reef fish from
Enewetak Atoll as a funcuon of collection time. Error bars
represent the standard dewanon computed for eacft ratio from the
1 u error terms in Appendix A.

reef fish from all loca~lons. The best estimate for the
effective half-life of 1” Cs in the lagoon at Enewetak is
therefore about 12t2 y. The ecological half-life is 19t5
y. Subtle differences that may be related to geography
and/or test location are masked by the error derived from
the analysis.

At Bikini the surgeonfish results also tended to show
a geographical dependence on the computed effective
half-live from island B-1 in the northwest to B-6 on the
eastern rim of the Atoll. As with Enewetak. all 3 values
are within 2 sigma of the mean computed from surgeon-
fish at all lagoon Iocattons. The error term again masks
any difference with might be attributed to geography.
The effective half-life using muscle data from all fish
collected at Nam (B- 1) prior to 1978 was 55k 1.5 y. This
is in good agreement w]th the value of 4.1 =0.5 found by
Schell ( 1987) using data ror mullet viscera- A somewhat
longer effective half-life (7. 13 1.7) results when all data
are used to generate the effective decay constant. The
difference between the computed half hves could indi-
cate the rate of t37CS release from the environmental
sedimentary components has diminished since 1978.
This value is also in good agreement with the half-life of
9*2 y computed from the 54 data points for all reef fish
from all lagoon locations. Although it is inferred from the
results. it would be difficult to argue strongly (because of
the uncertainty ) that there is a difference in the effective
and ecological half-lives of }37CSbetween islands or tie
Atolls of Bikini and Enewetak. An effective half live of
from 9 to 12 y indicates i37CS is removed from the
lagoon by processes that exceed the rate of radiological
decay alone.

Results from different species generate similar ef-
fective half lives. For example. there is good agreement
seen in the computed iaiues for ‘)CO in Table 4 derived
from Surgeonftsh and Goatfish from islands at Enewetak.
Analyses of the reef fish data from B-1 sampled prior to
1978 gave an effective half life for ‘Co of 3.020.5 y.
This value is in good agreement with the value of
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3.OZO.-l y detertmned from the viscera samples by Schell
( 19871. However. a much different effecti~e half life
results when the entire data set of 53 measurements from
196-? to 199-1from the entire lagoon is used to generate
the decay constant. The computed effective half-life of
5.320.5 y from this analysis is no different tian the
radiological half life. Over the long term the loss of ‘Co
from Bdcini Ia:oon occurs principally by radioactive
decay or the rme of release from the environmental
components diminished after 1978. At Enewetak the
effec[]ve half life from the analysis of 58 data points
using a regression analysis is 4. OtO.6 y. This half life is
similar in value [o one determined by Nelson and
Noshkin ( 1973) comparing viscera data from fish caught
in 1964 and 1972. but on the other hand it cannot be
argued to be si-gniticantly different from the vaIue of the
radiological half-life (5.26 y). There may be a somewhat
faster rate of depletion at Enewetak. but the true value is
again masked b)’ the errors generated from the anaiysis.
At best. the effectl~e half life from the majority of results
indicates a value of 4 to 5.2 y at both atolls.

The behavior of ‘07Bi is different at the 2 Atolls. In
26 samples of goa[iish from Enewetak lagoon the best fit
to all data yielded an effective half-life of 5.1 =0.9 y.
This value is in agreement with the Ne]son and Noshkjn
( 1973) result of 5.0=3.0. This removal half-time from all
goatfish results i> clear-iv faster than the radiological
half-life of 32.2 y. At Bikini there was substantially less
usable data. However, the LSF for the 1I samples
generated an effective half-life of 30t 12 y. which ‘is
equivalent to the radiological half-life. Too little data
were available at B- I prior to 1978 to compare with the
Schell ( 1987) viscera result. Because of the large emor
associated with the effective half-life, any definitive
conclusions regarciin~ c07Bi at Bikini are not clear cut. [t
suggests that any significant loss of 207Bi from the
lagoon environment is probably only by radioactive
decay. If true. the mdionuclide must be in a chem]cal or
phys]cal form very different from that associated with
sedlmen[s source Im-ns in Enewetak lagoon.

CONCLUSIONS

A variety of different radionuclides was found
accumulated in all species of fish from Bikini and
Enewetak lagoons. Over the years many of the radionu-
clides have dimimshed by radioactive decay and by
natural processes. Fish collected in the 1980’s and 1990’s
show only low concentrations of a few remaining iong-
Iived radionuclides }n flesh and other tissues. The data
generated from the marine studies show that the radio-
logical dose from manmade mdionuclides in the marine
food chain contribute less thun 0.17. of the total 30-y
integral dose equii ~ient at both Atolls (Robison 1973;
Robison et al. 198-: Robison et al. 1997): The ingestion
dose was derived m-i~~ipally from 3 gamma-emttting
radionuclides. ‘3’ci. co and207Bi:[hetransuranic

radionuclides 238”2;’-- ~4{JPuand a41Am: and ‘Sr. The
largest conrnbutor IO the total marine dose was from
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137CS accumulated in the edible flesh. The transuranic
radionuclides and ‘OSrcontributed little to the total dose
from ingestion of marine foods. Our collection program
was phased out in 1985. but fish samples were again
collected in the 1990’s to verify the results of the original
assessment and to determine what. if any. changes
occurred in the concentrations of gamma emitting radio-
nuclides in edible muscle tissue. Resources only permit-
ted analysis of muscle tissue in these samples after
dissections. Of the gamma emittinp radionuclides gener-
ated by the nuclear tests. only *Co. ‘37CS and 207Bi

remain above detection limits by gamma spectrometry in
flesh of some but not all fish.

These new data and the results from our earlier
studies and work by others provide a large. valuable and
unique data base for radionuclides in the flesh of differ-
ent fish that span 3 I y, from 1964 to 1995. Some reef fish
can be used as indicator species because their body
burden is derived from feeding. over a lifetime. within a
relatively small area containing the contamination. The
change in body concentration over time is related to the
local diagenic processes that axe responsible for the
release and recycling of the radionuclides. The change in
concentrations observed in several non-migratory reef
s ecies is used to describe the effective half lives for
‘Co ‘37CS,and 207Bi in the lagoon environments during
the ~1-y period between 1964 and 1995. This half life
consists of a physical decay term and a recycling or
environmental decay term. This latter term is related to
the processes which control the removal and transport of
a radionuclide from the environment. Sufficient measure-
ments for 137CS,60C0 and 207Bi were available for some
reef species of fish repeatedly sampled from specific
locations at Bikini and Enewetak to determine an effec-
tive environmental decay constant from a least square
analysis (LSF) of the data.

The results of the analysis indicate the removal rates
for the 3 radionuclides are significantly different. ‘37CSis
removed from the marine environmems of Bikini and
Enewetak with an effecti~e half life of 9-12 y that is
significantly less than the radiological half life. The
natural processes acting on 137C5in the environment will
reduce any radiological exposure from in estion of
marine foods. Every 9–12 y the inventory of ‘;7Cs in the
sedimentary reservoirs is reduced in half and radiological
decay accounts for about 21% of the loss. The remaining
2970 was remobilized from the environment to the water
column in a dissolved state over the 9-12-y period.
Within the lagoon. excess dissolved 137CS has been
measured in water samples taken on our sampling pro-
grams from all areas of both atolls for many yeacs (see.
ior example, Noshkin and Robison 1997: this volume).
The lagoon water mass containing tie 13’CSis con[inu-
wsly transported over the reet’ or through the passes and
:ventually exits the atoll and mixes with the north
equatorial Paciilc water mass.

Some slight difference could be assigned to the
tstimated effective half-life for ‘i’Co at Enewe@ and
Bikini. However. it would appear that most of the
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mdionuciide is lost from both environments by radioac-
tive decay. Little enters the water column from the
wdiments as a dissolved species. Most “Co accumulated
h! fishes must lx derived from food and sedimental
pmicles passing cnrough the gut rather than direct uptake
from water.

The results irom the analysis of the ‘07Bi in the
Indicator fish species sugges! d difference in behavior at

l,’ IWOAtolls. .3! Enewwsk the radlonuclide is lost trom
: cnvironmen[ with an etiective half life of 5. I >’.The

.dionuclide is mobilized from the sedimentary reservoir
,N u rate similar m 137Csand is then diluted with ocean
wutcr and is eventually transported from the Atoll. On
[he other hand. oniy radioactive decay may account for
the rate at which the radionuclide is disappearing from
Bikini lagoon. Again most body burdens of ‘(]7Biin fish
trom Bikini must be derived from material passing
through the gut mther than from the water. The different
behavior of ‘07Bi at the Atolls must be controlled by
different chemical-physical properties of the contami-
nated particles reuuning the radionuclide.

1<L/?~~\t,/edgmenr.$—Tr< collccrson oi samples and publicmion o! [he da[a
n Ibis report were mace poss]blt through [he efforts of a group of”people

,(w numerous tO IISI. Tney Inchsde the crews on several Mmshall Islands

Icsearch vessels and a number of indlvidtmls msocmted with Lawrence

Liverrnore National kxxaton who assuxed m the field collections and
wmple pnxessing o\ er 3 decak. W’ork performed under the auspices of

[he U.S. Departinen[ cf Energ> a[ Lawrence Liverrrmre National Lidxrra-
IOry under contract \V--405-En@8.
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APPENDIX A

Table Al. Concentration of ‘~7Cs.“CO. ma ‘07Bi in flesh (muscle) of fish caught between 1964 and 1995 from islands
of Enewetak Atoll.

Fish common Collecoon Island Number of Bq kg-’ Bq kg-’ ~> Bq kg-’ %
Sample ID’ name date locator Iishkansple wet ‘37CS Vc errorb ‘~c1 ‘co ~et 207~1error- errof’

(l)’
(1)
9109

g509
II)
Ill
~~ld

2610

g586
@5~

9103

(1)
(1)

(1)
5286
9t15
g529

(1)
g8~2

(1)
(1)
{i)

(1)
(1 I
(1)
(1)

(1)
r-n.sd94
(~)

530~

nLsa677

(2)
msa548
j286
Z-$17
7385
g637

;;:

~J~o

z409
z838
Z86 I
ZS-M
11}
Ill
@39
11)
(1)
(2 I
:62 I
2633

Brznerft@h ALzg-6-t
Damselfish Aug-64

Goatfish !UOV-78

Goatfish Aug-83

Gruuper .Aug-64

Grouper ,Aug-&l

Mullet-C NOV-72

Mullet-C Apr-76

Mullet-C .ALsg-83

Mullet-C Aug-t33

Mullet-N Nov-78

Snapper Au@4

Squimelfish Aug-ti

Surgeonfish Aug-&t

Surgeonfish May-76

Surgeonfish Nov-78

SLsrgeonfish Aug-83

Triggerkh Aug-64

Uhta Aug-83
Wrasse Aug-64

Gnruper Aug-64

Gmqxr ALsg-fA

Mullet-N Aug-64

Pasnxfish Aug-64

Surgeonfish Aug-64

Surgeonfish Aug-64

Tfiggedish ,Au@4
Goatftsh JuI-8 I
Mullet Nov-72

Mullet-C Maz-78

Mullet-C JU1-8 I

Snappsr Nov-72

Surgeonfish JuI-81
Bonito Sep-84

Flagrail Feb-94

Goattish Nov-78

Goatt%h .4ug-83

Goatfish Sep84
Goattish Sep84
Goatfish NOV-93

Goattish Feb-94

GoaUish Feb-94

Goatfish NW-94

GoaLfish \lay-95

Grouper ,Aug-64

Grouper ALsg-64
Grouper .Au!g-&i3

Jack Au@4
\lullet-C .Aug-w
\lulle[-C SOV-72
\fullel-c ..4ug-83
\lullet-N .Apr-76

t3-
2
-i
?

2
2
.

2
,

2
?
7

2
2
~

2
2
2
?

2
~

5
5
5
5

5
f!
~

9
9
9

9
9

9

10
10
10

10
10
10
10
10
I(I
10

1(1
10

10
I o

10
10

10
10
10

13.9
15.5

1.5

2.0
11.4
8.1
5.1
7.8

3.0
5.9
2.5

27.7
9,0

18.7
8.1
6.7
9.6

6,1

4,7

17.9

130.4

1.7
35.0

7.8
3.1

17.1

15.3

6.8
1.8
1.4
1.9
0.8
1.1
0.3
1.5
(),~

0.9

1
~,~

29.3
2.1

10.6

25.3
1.1
1.5
0.9

.!
6

1-t
~

6
~

4

~

3
~

4

5

5
2
7

8
~

4
44

11
13
13
30

>100

21
>Ioo
>100

>100

5

23
4

6

105.9

70.1
6.4
4.0

[1.4

32.6
30.1

S.9
4.8
4.0

9.0
51.3
23.6
43.2

6.4
3.0
1.1

?03.7
‘1-.

75.0

30.1
21.2

171.1

6.3
37,5

211.9

-5.0
10.3

163.0

1.3
?1 ,----

S9.6
2.4
9.9
.

!3,~

140
4.5
S.o
I
1.7
I .s
,
.

0s
~-

0
&4

<6.
:0
:4

12.3
26.5
15.5
17.9

1.1
().4

0.1

0.2
0.2

26.9
6.9

0.4
0.1
0.1

21.2
11.4

8. I
36.7

49.0

1.6
0.1
0.1

1

0.1
4,5

1
?’$t .9
524.5

75.0
437.2

8,2

109.9
495,4

29.2

5.6

15.2

48,9

0.1

0.0
0:

2
~

38
7

>100

?6
18

11

>100
30

~

1
.$5

>100
>100
>100
>]cto

5
>Icn

~
~

I
~

4
6
I
1
8

I

60
>100

l-t
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Fish common Collecuon Islami Sumber :: Bq kg-’ Bq kg-’ ‘c Bq kg-’ %

Samoie ID’ name &te kxaror fish/samr.c wet I1-Cs SC errorfi wet “CO enurh uet ‘“7BI err+

ip-)

g62-
Z410

(11

(21
53]?

msai4-1

g813
g815

(1)
(1)
73-
~:~

2421
z411
z83-

z8&5

2863

(1 I

53811
j2S9
msai38

msaY8
msa92
2&1
9260

52.:0
5~:3

72-5
m
2078
(2 I
(2J
(Z;

(2)
(~)

(2)
guo
Z852
(1!
rnsal-1

MO
msa692
Z068

za34
Z848

28-W
2867

(2 I
(11
9165

msa36
f@7

Zsb?

2618
Ktsatxl
m~i.1

n-#67
rlw$34
&.~

Z:i-1
z5~6

Zw
msa61

(2

Zi!l

!r-lsd?

Mulle[-N
Mullel-N

Paplo

Parrot!ish
Parrotfish

Parrottish

Snapper

Snapper
Snapper
Surgeonfish

SUrgeonfish

Surgeonfish
Surgeonfish
Surgeonfish

SUrgeonfish
Surgeonfish

Surgeonfish

Triggerfish
Triggetilsh

Uhsa
Bomto

Mullet-C

Mullet-C
hlullet-N

Mullet-N
Surgeontish
Surgeonfish

Surgeorrfish

Surgeonfish

Goatfish

Mullet
Parrottish

Snapper
Snapper

Snapper
Ulua”
Banizcuda

Flagtail

Goatfish

Goatfish
Goatfish
Goatfish
Goattish

Goatilsh
Goatfish
Goatfish

Goatfish
Grouper

HalRuak
Mullet-C
Mullet-C

.Wullet-C
Mullet-C

Mullet-C

MuHet-~
Mullel-N
Mullet-N
Mullet-N

\luilet-N
\ful]et-N

Mullet-N
Mullet-N

Mullet-N

Parrottish

Parrotfish

Parrotfish
Snapper

Jan-77
Aug-83
Feb-94

Aug-@
Nov-72
XOV-7S

Sep-80

Aug-83

Aug-83
Aug-64
Au@l
Nov-78
Aug-83

Nov-93
FelM4
Fet@4
Nov-94

May-95

Aug-64

Aug-83

Sep84
Sep80
Sep80

Sep80
Apr-76
Jun-77

May-76
Mav-76

Nov-78
Nov-93

Nov-93

Nov-72
Nov-72
Nov-72

Nov-72
Nov-72
Nov-72

Aug-83
Nov-W

Aug-rM

Sep80

Sep80
JUI-81
Sov-9~

NOV-93
Nov-94

May-95
May-95
Nov-72
Aug-64
Nov-78

Sep-80

Sep80

Aug-83
kiav-95

.4pr-76
Sep-80
Sep-80
JUI-81

Jun-82
,4ug-83
Feb-94
Feb-94

\lav-95
XOV-72

Sep80
SOV-94

Sep80

30
.U
3
1
I
I
I
-t
-1
I
5
54
31
11
10
12

58
24
-1

I
?

;
j
35
29
58
28 oce.a:
40 m?
46
11
7
1
I
?

i
4
1
I
9
5
J?

42
M
16
15
29
57
18
1
10
~:

14
30
33
6
22
29
?9
21
lb
T
<

_l-
55
.
3

6
I

0.5
0.3
0.9

97.8
8.0
6.9
I .9

1.1
2,5

12.2
20.4

5.1

5.0
2. I
4.3
1~

2,1

2.8

0.5
7,0
2.3
0.8
3,5
0.4
0.3
4.0
2.3
9,2

I .0
~

I
3.4
2.6
1.1

I
2.0
1.6
1.1

0.6

1.-$

2.0

L
I
I
o
2.8

1.0
1.1
0.3
1.1
0.0
0.8
0.6
0.3
0.5
0.7
0.7
1.-1
1.6

I
4.2

2.6

5.6

1.8

6
18

>100

9
3

15

17
6

~

3
28

9

63
28

13

30
7

;
20

4
8
5

20
4
i

40
>100
>100

17

28
21

>1111

21
13
31

4
?

;
>100

63
>100
>100”

>100

27

~

3

5

5
>100

?

4
8

12
20
18
64
49

>IQO

61
3

4
3

4.0
0.3
I

13.0
2
()
6.3
1.5
4.0
5,8

0.4
0
1

I
I
~

I
31.0
9.0
0.8
5.1
1.5
3,2

1.3
I .0
0.8
0.9
1.0
1
7

;.5
?
~

o
1
0
0,8
I

264. I
0.3
5.7

V6

6.0
2.4
1.2
~

6.3
67.3

5.5
1.5
0.8
0.9
I
6.6
0.7
0.7
2.3
2.2
15
L7

,

i
0.6
I

[0.3

I
15

>100

>100
>100

8
II
3

8
> Im
>100
>100

>100
>100
>100

?

G
3

21
-1

4

3

8
9

8

>100
>100

0
>100
>100
>100
>]txt
>100

14

>100

I
1
7

10
21
3?

>100

16

~
~

5

6
>Icm)

2
23

6
3

7

10
23

>Im
>100

5
>100

-,

0.5
0,0
9.0

10,6
0.6
0. I

31.2
12.0

38.7

0.1
0.1
I
0.6
1
1

0,5

12.5
3.5
69
0.1
0.1

0.2
0.0
0.0
0.0
0.9
4
0.7
0.2
0.7
1.0
1
2.0
7. i
0.8

102.2
12.6

25.0
I 9.9
14.4
9,1
6,6

3.7
3.6

21,3

0.0
0.0
0.0
0.0
0.6
0.5
0.0
0.0
0.0
0.1
0. I
1
7

i
0.5
0. I
0.4
9.7

3
>100

3

>100
>100

1

2
1

>100
>100

> I(KI
>100

>100
>100
>100

2

2
3

>100

>100

6
>Im
>ICQ
>100

>100

>100
>100
>100
>l(Kt

25
>100

26
2

>ICK)

~

I
8
~

3
7

9

II
4

32
27

34
>100
>100

11

80
25

>100
>100
>100

>100
>100

>100
>ICQ

24
>100

~
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Fish common Collecuon Island Number of Bq kg-’

Sample ID”

Bq kg-’ %P Bqkg-’ <
name date Iocalor fishka.rrrple wet 1‘-C, % errof- wet ‘Co ~et :07fq +

msa88
g807

(1)
5294
7377

9171

msa5a
m.sa52

~~g
g652
2091
Z412
z835
Z849
z85 I
Z843
Z844
Z845
(.2)
(2)
(2)
(2)
9254
2602
(2)
5232
(2)
(2)
(2)
(2)
2625
(2)
(2)
5239
7176
(2)
(1)
(1)
j736
(2)
(1)
5247
(2)
(1)
(1)
(1)
(1)
(2)
2594
(2)
maa132
msa156
g497

j283
msa126
g503
j290

Snapper

Snapper
Surgeonfish
Surgeonfish

Surgeonfish
Surgeonfish
Surceonlish
Surgeonfish
Surgeontish
Surgeorsfish
Surgeorrfish
Surgeonfish

Sur~eorrfish
Surgeonfish

Surgeonfish
Surgeonfish
Surgeonfish
Surgeonfish

Tuna
Tuna
Tuna
Ulua
Goarfish

Mulle~-C
Pamotfish

Surgeordish
Snapper

Lulls
Grouper
Grouper
Mullet-C
Parrdsh
Snapper
Surgeonfish

Surgeontish

ulua
Grouper

Groups
Mullet-C
Snapper
Surgeonfish

Surgeordish
Parrottish
Goarfkh
Grouper

Group
Jack

Mulle[-C
Mullet-C
Parrrxi%h

Barracuda
Mackerel
Mackerel

Mackerel
Ulua
Ulua
Ulua

Sep80
Aug-83
Aug-64

hlay-7ti

Nov-78
Nov-78
Sep-&Kl
Sep80
Jul-81
Jun-82

Aug-83
Nov-93
Feb-94

Feb-94

Nov-94
Nov-94

May-95
May-95
May-95

Nov-72
Nov-72
Nov-72
Nov-72

API-76
Apr-76

Nov-7?
May-76

Nov-72
Nov-72
Nov-72
Nov-72

Apr-76
Nov-72
Nov-72
May-76

Nov-78
Nov-72

Aug-64

Aug-64
Sep84
Nov-72
Aug-&l

May-76
Nov-72
Au@4
Aug-64
Aug-64

Aug-64
Nov-72

Apr-76

Nov-72
Sep80

Sep80
Aug-83
Sep84
Sep-80
Aug-83
Sep&M

E-

24
24

24

24
24
24
24
24

24
24
2.$
24

24
24

24
24

24
24

24
24

24
24
24
33

33

33
33
35
35

37
37
37
37
37
37

37

37
38

38
38
38

38
38

39
43

43
43

43

43

43
43

45
45

45
45

45
45
45

1

I
10
28 mean
10
51
28 SOULh

74

50
57
27

5
8
42
62
60
46
9
5
I

1
I
?

58
6
~

52
I
1
1
I
8-
1
1
37
8
1
10
1
8
1
10
40
I
5
I
1
1
2
11
1
I
1
7
~

I
3
~

49

1.8

52.0
1.6
~,]

14.4
1.7
7.9
9.7
9.1
5.4
8.1
4.7
4.5

I .7

1.8
1.9
I

3.7
2..$
1.3
3.9

0.3
0.5
0,6
0.8
1.1
4.6
4.5
4.3
0.2

15.0
0.9
0.5
1.s
3.1

0.2
2.6

1.0
0,3

85.0

lo.~

I .0
2.8
2.4
2.1
2.4
1.7
I .5
82

2.9
2.1

.
1

.

.

.;
14

II
6

33

35

11
>100

11
21
33
~>

16
13
83
]~

38
15

13
18
28

6
>100

9

II

28

II

33

7

25

17
4

18

11
9

5
17

1
3
8

3.7
2.6

23.0
~,~

0.4
2.3
0.3
0.6
1.0
0.6
0.7
3
I
I
1
.
7

;
1.8
9.4
6.8
3,2

11.1
6.9

0.9
0.4
0.4
3.1

10.2
1
3.7
0.4
~

I
0.1
0

18.7
6.3
6.6
1.1
5.6

(1.9
1.8
>

6ii9
15.3
20.4
59,5

9.4
9.0
1
1.8
4.3
I .9
0
3.7
I .4
1.1

I

3

6
8
3

8
8

10
17
27

>100

>100
>100

>100
>100

>Iw
>100

26

10
10
14
9
1.

II
>100

35
14
10

>]fxl
26
11

>100
>100

32
>]00

9

3

16

5
>lfKl

18
4

>100
12

6
4

>100
~

5
10

7.1

6.7

0.0
0.0
0.0
0.0
0. I
0.1
0.1
0.1
~

0.6

0.5
1
1
1
0.4
0.9
9.4
7.4
2.0
2.8

29.3
0.1
0.3
0.0
2.9
7.8

17.8
5.4
0. I
0.6
0.6
0.1
0. I

48.0
5.8

12.8
0.0

16.2

04
0.9

64.6
118
54.4
7.0
0.5
0.9
0.3

12.5
1.8
],?

0.1
5.8
1.3
3.0

“ Sample ID used u Lawrence Llvermore National lab.

h No error was given for the 1964 dola set. Elsewhere :he 1 u courmng error IS exprmwd as the percent of [he %aiue Ijstcd.

c ( I ) alar-airom Welander et al. ( 1967).

‘ (2) data irom Nelson and Noshkin ( 1973),
,Notes:

2.S79 total fish processed for 178 samples between 19(M and 1595. All resulLsrepomd on dale of col]ecuon.

163 measurements for ‘3’CS: 907. reporred above detecuon Imuts,

173 measuremems ior “CO: 76G reponed abu~e delecuon Ilmms.
159 measurements ior ‘[’7Bi: 57CG reporred above detect;on lIrruLs.
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APPENDIX B

Table 2A. Concenuatron of ‘~7Cs. “CO and 207Bi in flesh (muscle) of fish caught be~ween 19(W and 1994 from islands
of Bikini Atoll.

Fish
common Collemon [sland \umber of Bq kg-” Bq kg-’ Bq kg-’

lDa name dale locator Mt/sample wet ‘“C, % error- wet “CrI % errorh wet 207Bi % errorb

(2)* GoaUish
9121 Goatfish
g576 Goarfkh
z423 Goarflsh
(4) Mulle[-C
2896 Mullel-C

9133 MullebC
a356 MuUet-C

g561 Mullet-C
2415 MullebC
2859 Mullet-C
(1 F Mullet-N
(4) Mullet-N
a458 Mullet-N
(4) Mullet-N
9127 Mullet-N
z422 Mullet-N
z853 Mullet-N

(3)e Snapper
(4)’ Snapper

(1) Surgeon
9159 Surgeon
g515 Surgeon
g521 Surgeon
2419 Surgeon
(1) Trigger
(4) Ulua
(4) Goartish
(4) Goatfish
(4) Muliet-N

2880 Mullet-C
(1) Butterfly
(1) Grouper
(1) Jack

(1) Surgeon
(1) Triggetilsh
(1) Wrasse

(4) Goarfish
7251 Goatfish

a233 GoaUish
2413 Goacfish
2868 Goatt%h
7245 Mullet-C

al 86 Mullet-C
(4) Mullet-N
7224 Mullet-N

g372 Mullet-N
2418 Mutlet-N
(4) Parrottish
a240 Parmtfish
z869 Parro[fish
2860 Perch
(4) Queenfish
(4) Surgeon

7257 Surgeon

a224 Surgeon
2416 Surgeon
7370 Goatftsh

a84 I Goatfish
j~~o Goatfish

ja~~ Goatr%h

28 I Goatfish
z855 Goatt’ish

May.-:

Nov-7i
Aug-83
Dee-92
JuI-76
Jarr-7-

Nov-7$
Fek81
Aug-63
Dee-92
Nov-’W
Aug-@
JuI-76
Jarr-7-
oct-7-
Nov-7S
Dec-5J
Nov-%

May--:

Ju1-76
Aug-@
Nov-75

Aug-6S
Aug-63
Dee-92
Aug-@
Nov-72
Nov-72

Nov-72
Nov-7:

Jan-7-
Aug-64
Aug&
Aug-&
Aug-&
Aug-&
Aug-&
Nov--:
Nov-- S

Feb-k 1
Dee-92
Nov%
Nov-~ 5

Feb-6 i
Nov-7:
Nov-: i

Jun-62
Dee-52
Nov--:

Feb-S:
Nov-%
Nov-%
Nov.-:
No\.-~

Nov.- ~
Feb.&:

Dec-$c
,N~~--~

Sep-&’

Sep&
Seps
Dee-92
sob-+

B-
1
I
I
I

I
I

I
1
1
1

1
1
1
1
1
I
I

I
I

1
1
1
1
1
1
1
1

Sof B-1

Sof B-1
Sof B-1

2

3
3
3
3
3
3
5
5

5
5
5
5
5

5
5
5

5
5
5

5
5
5
5

5
5
5

6

6
6
6
6
6

14

33
II
5
6
8

12

14

II
1
u

10
6

14
10
18
-1

39

6
4
7

4

36
37
11

I
1
1

10
13

21
1

5
I
4

I
I
3

~~

44

6

33
8
7

14
24
33

4

I
3

6
7

I
17
20
33

12
39

39

5s
26
9
n

6.8
5.5
6.0
2.2

5.6
9.7

14.7

8.4
4.4

I .7
2.4

52.1
5.1
8.6
6.5
7.3
?-. ..?
1
7.9
4,4

171.1
4.9

17.1
15.0
8.2

97.8
10.6
11.2

I .5
5.8

14.1

24.4

5.(I
1.9
3.1
0.5
1.3

13.8
12.6
3.7
9.---
~.:

09
3,5

8.6
03
06

29.1
171
8:

Ils
42
o.~
():

o.-
0:
0.5
I

33
3
6

35
15

3
1

3
2

58
28

13
3

13
~

34
ItXs

8

15

1
1
1

6

8
17

24
16

2

16
‘1

5
100

19
1
~

14
3
3

100
18
4

100
90

~

5
I

3
12

6
14

16
2a

IC43
100

101.4
?1 7- .-

6.7
6. I

12.3
11.2

33.2
8,?

2.5

3
2

798.5
15.7
18.8
13.1
15.9

6.5
0.8

25.6
8.0

67.6
8.6
1.2
1.6

I .9
260.7

5.8
112.4

12.8

81.9
10.1

114.1
12.2

32.6
26,9
97.8
37,5
40.0
13.8
16.0

6.4
0.7
9.0
6.4

17.2
9.0
4.9
0.8

1.5
1
-i

23.8
5.0
2,0
3.8
2.0
2.4
1.2
1.3
1.1
-1

;.7

3

I
4

10
7
~

1

3
26

100
100

6
3
7

I
13

100

3

10

I
6
7

20

10
7

;
2
I

7
?
~

II
100

I
~

5
1
~

(A

14
100
100

4
7
5
7

.?--
~

8
10
l-t

100
100

62.9

50.4
36.0
37.2

0.0

0.1
0.0

2
i 0.4

0.0

0.0
1
0.6

36.8
8.8

0.1
0.1
0.1
0.6

4.1
11.2
2.3

0.0

43.5
3.3
2,1

10. I
0.5
0.0
0. I

0.0
0.0
0.7

0.2
0.9
0.9
6.7

0.0
0.2
0.6
0.7
0.7
1.6
],?

I
0.5

3

2
4

2

100

21
100

100

100
100
100

2

10

1(XI
31

Itm

l(x)

11
8

11

100

J
8
4
7

loo
100

100

100
100

Ioa

100
100
100

8

100
100

100
4

7

6
7

100
100
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Fish
common CollectIon Island Number of Bq kg-’ Bq kg-’ Bq kg-’

ID’ name dale locator fishhmple wet 137(3 % error- Wcl “co % em r’ Wel w~i CCerrurb

~7~

a848
Q53

j734
~8~

a401

g363

(-$)

(1)
(1)
(4)

‘7352
z83
z864
(4)
(4)

(4)

7263

2888
7269

(4)
7~oo

j415

(1)

(5)
2860

(1)
7194
(4)

(5)
(4)
(1)
(1)
(4)
7188
2851
a530
(4)
(1)
7281
7293

j730
(4)
2872
7299
(4)
7287

(4)
g621
(4)
(4)
a967
g421
7311

(1)
(4)
7305

(1)

(1)
(1)

(1)
7346

(1)
(4)

(1)
{2)

(3)

Mulle[-C
Mullet-C

Mullet-C
Mullet-C

Mullel-C

,Mullet-N

Mulle[-N
Parrotfish
Snapper

Snapper
Surgeon

Surgmn
Surgeon
Mullet-N

Parrorfish

Snapper
Goatflsh

Mullet-N

Surgeon
GoaUish
Goatfish
Goarf%h

Grouper
Grouper
Mtsllet-C

Mulle[-N
Mullet-N

ParrorJish

Parrotilsh
Rudderfkh
Surgeon

Surgeon
Surgeon

Surgeon
Mullet-C
Mttllet-N
Goarfish

Ladyfkh

GoaUish
Mullet-C

Mullet-C
.Mullet-N
Mullet-N

Mullet-N

Parrotfish
ParrottWh
Surgeon
Surgeon

Ulua
Ulua

Ulua
Uhsa

Goarfish
Grouper
Mullei-N
Mullet-N

Snappr
Snapper

Snapper
Snapper
Snapper

Surgeon
Surgeon

Trigger
Tuna

Tuna

Sep80
Sep80

Feb-8 I

Sep84
Dee-92

Feb-8 I
Mar-82

oct-72
Aug-M
Aug-fA
Nov-72
Nov-7Fi
Dee-9?

Nov-94
Nov-72

Nov-72

Dee-74

Nov-78
Jarr-77

Nov-78
30V-72

Nov-78

Sep-84
Aug-b$
Apr-75
Jan-77

Aug-64

Nov-78

Nov-72
Apr-75
Nov-72

Aug-64
Aug-td
Nov-72

Nov-78
Jan-77
Feb-81

Get-77
Au@4

Nov-78
Nov-78

Sep84
Nov-72
Jan-77

Nov-78
Nov-72

Nov-78
Nov-7?

Aug-83
Nov-72

Nov-72
Jun-82

Jun-82
,Nov-78

Au@14
Nov-72
Nov-7&

Aug-64
Aug.&r

.Aug-fA
Au@t
SOV-78

.Aue-M
SOV-72

Aue-bl
May-i?
Xlay-72

B-
6
6

6
6
h

b

6

6

6
b

6
6
6
6

B-6 ocean

B-6 mean
9

10
Iu
10
12
!.,-
12
]~
!~

12
12
12
12
12
12
12
12
12
12
13
1~

15

15
]-
,-
,-
,-
.-
1
,-

17

17
17
17
1-
,-

-.
.-
. .
--
.1-.
.-
-..
-:
-.
. .
- ..
.:
-.
. .
- ..
.:
-.
.-
- ..
.-
- ..
.:
-.
.:
-.
. .
- .,

J1*oon

ILgoon

14
7

8
1~

>

3i
3]

I

I
1
3

55
7

53
14

3

I
.$2

43
46

10
J?

13

5
I

11

3

21

3
1

1
3
5

6
64
22

23
7
?

3;
9

31
14
58

18
6

5
13
70

1

1
I
~

47

i
8

35
}

1
I
I

1

1
3
?

I
I

1.9

3.9
~.~

2.0
1.8
1.1
0.8
8.6

19.6
6.7
3.6
6,2

2.9
1.8
2.0
4.5
0.9
0.5
0.6
I .7
0.7
0.7
0.7
8.1
3.9
1.0

0.3
4.0

-3.3

14.7
6.9
2.5
2.3
0.8
0.4
7.2

●1.8
3.3
0.5
1.6
1.5
0.4
4.2
5.2
8.3
1.6
7.9
2.5

14.0
13.4

1.8

0.5
0.8

5.-1

4.7

26.3
7.5

6.5

8.3
4,8

3.4
09
3.3
I .9
2.2

61.1
5.6
1.3
0.7
‘1

?.8
11.3
0.7
~.~

I .5
7.8
1.0
7.1

3.5
0.9

I .4
2.8

26,9
3.7
0.4

1,2

7.7
5.5
0.6
0.8
2.4
I .7

16.3
42.4

9.8
5.3
I .4

12.3
14.0
46. I

2.3
0,7
5.6
(JZ

4. I
5.5
1.8
2.0

14.3
30. I
?7.6
15.2
741
89.6
21.2

1304
76

978
79

2444

13.6
3.3

0.0
0.0
0.0
0.0
0.9
0.1
0.0

26. I

0.0
1,0
0,6

0.8
0. I
0.0
1.8
1.6
1.8

0.0

0.0

0.0
0.0
0.0

52.1
57.9

8.4
0.0
0.0

0.2
0.4

0.0

0.7
0.3
4.1
I .4

7? -1. . ..
10.6

o,~

13.9
10.6
5.8

18,7
12.2

77.1
0.7

100
100
100
100
100
100
100

100
100
100

3

30
100

14
~

7

100

100

100
100
100

5

~

100
10U

13
100

100

43
100

10
5
1

20

~

1
43
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Fish
common Collecuon Island Sumber oi Bq kg-’ Bq kg”’

.~t %,;iW name date locator fishkunprc wet ‘37CS % errop wet “CO ‘c errof’ 7Cerrd’

65

B-

{4)
{4)
(4)
ls)~
(5)
(-l)
(-l)
(-t)
(-!)
(4)
(4)
r-f)
(4)
(4)
(4)
(4)
7322
7334
7328
7340
~-J47

j293

j291
J292
j294

Rainbow
Rainbow
BoniIo
Mackerel
Snapper
Snapper
Snapper

Snapper
Snapper

Snapper
Snapp.w
Bamacuda
Barracuda
BONIO

Mackerel
Uhra
Jack
Mackerel

Snapper
Snapper
Mackerel

Bonito
Rainbow

Snapper
Uhsa

oct-72
Nov-72
Nov-7?
Dee-74
Dee-74
JuI-76

JuI-76
JuI-76
JuI-76

JuI-76
oct-77
oct-77
oct-77
flct-77
oct-77
oct-77
Nov-78
Nov-78
Nov-78
Nov-78

Feb-8 I
Sep84

Sep84
Sep84
Sep84

lagoon
lagwn
lagoon
lagoon
Iagmn
lagoon

lagoon
lagoon

lagoon
lagoon
lagoon
lagoon

lagoon
lagoon
lagoon
lagoon
lagoon
lagoon
lagoon
lagoon

Iagom
Iagwn
lagoon

Iagcxm
lagmn

I
I

I
1
I
1

I
I
I

1
1
4

1
1
I
1
1
1
?

;
1
I

1
I
1

1.5
9.9

4.9

6.9

10.1
21.1
41.5

50.1
28.4
40.4
6,4
18.5
5.7
2. I

9.5
2.9
0.4
1.8
3.7
6.5
2.3
6.4
7.1

63
9 37.8 2

8 9.0 ~

6 17.7 6
0.8 50

8 5.9 13
8 9.7 17
7 13.3 11
5 18,2 8
8 15.4 16
6 9.5 18
11 3. I 16
9 5.6 16
19 ?.9 30
46 4.1 28

12.0
2.0
0.2
3. I
2,4
7.4

1.6
1.6

3.6

3.7
0,7

16.8
34.9

25.9
31.9
15.4

30.1
5.3
26.9
1.6

6.5
4.5
0.1
6.2
0.4
0.3
6.6
o,~
i~

4. I

10
43

5
5
6
5

8
5
8
5
33

16
2
25
2
10
32
3
100

8
2

‘ Sample ID used at Lawrence Livermom Nanonal Id.
b NO error was given for the 19rM data seL Elsewhere the 1 u counting error is expressed as the percent of tie value listed

‘ (I) data from Welander et al. 1%7.
d (2) data from Held 1971.

c (3) data from Lynch. et al. 1975.
f (4) data from Schell et al. 1978.

E (5) data from Nelson 1977.
Note: 1,890 total fish processed for 155 samples between 1964 and 1994. AH results reporred on dare of colletmon.
138 measurements for 137CS: 95% repcmed above desection.
150 measurements for Co: 94% reported above derecrxro.
111 measurements for 207Bi; 58% reported above dereetion.

.
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United States Department of State

Wmhingtoa D, C. 20S20

MEMOWUNDU.M

.~o: IL Thomas F3ell, DOE.

~ce of Health Prograrns, PaGtic Health Programs—

FROM:

K

Suzmnc Butcher. Director e-,-,
O&c of Austmlia New “-dand Pacific Island JWairs

I

DATE: 12 March 1998

RE: kttcr to Senator Ismael John on environmental monitoring of Encvmtak

Term

Thanks for sending us Dr. Scligman’s letter to Senator John. State concurs. Pleaso let us
know what, ifanv, response DOI? receives t%om Enewetak.

Regards,
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SenarorkmaelJ&n
EnewetakKjelU AtoIi’Local

Gov ernment Cmlrlcil
Box 1199

Department of Energy
Germantown, MD 20874=1290

Republic of the .Marshall Xslands
Majuro. .MarahalI Islands 9696U

Dear Senator John:

.. This Ietw :s provided h followup to our joint Department of Energy (DOE)~ncwetddUjeiang

Atol I Local Government Council meeting in Las Vegas, Nevada on February 2, 1998. We sre
pieased a have had the oppomnity to discuss with you, .Mayor Neptali Peter, and the
Enewet&Ujelang Atoll Local Gavernmcnt Council Members, the results to date of DOE
environnmmd monitonng aS Enewetak Atoll.

The maz public health goal of DOE*S environmental monitoring program is co assist the
Enewetak people in making informed reseitlemcm decisions based on the best cnvironrnencal
chamczznzarion and dose assesmem data available. To accomplish this goa.L we have .
conducS :xtensive monhoring of numerous Encwetak Atoll islands, evaluated all possible
a-posm ?arhways, developed associated dose assessments, and tided research to dewlop ;-...

mitigat:ca suategies to minimize radition exposure to people living on the islands and eating
locally -~w-n produce.

.:.

The Laummce li~ermore National Laborator; ~LLW), on behalf of DOE. has conducted
envirorx~.:mal monitoring acliv ities in the MarshalI Islands for more than 20 years. The
cnclosu.= -w thisletter describe the results of -&zse activities at Enewetak Atoll and demonstrate
the I@! ;.~iity or LLNL’s teehnicai expertise aad hbiiities, LLNL has used the best
environatal laboratories worldwide to provide quality assurance and peer review for the
progr. DOE is confident that the LLNI dam and assessments are of the highest quality.

The two =iclosed pc=re~tiewd articles iiom i:: July 1997, issue of Health-l?- “ (enclosures
i and 2) provide a thorough analysis of radiatian exposures horn temestrial, water, and marine
sources cn the Enewemk Atoll.


